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Abstract 
Lithium-sulfur (Li-S) batteries have a higher energy density (2600 W h Kg-1) than that of current Li-ion 
batteries, and are considered as next-generation batteries. However, the dissolution of polysulfides (PS) 
during discharge-charge process is a well-known “shuttle effect”, which leads to capacity degradation 
in Li-S batteries. The current studies are focusing on the development of various approaches to inhibit 
this effect to achieve a higher capacity, and long cycling life. Boron nitride nanosheets functionalized 
(FBN) with certain functional groups were employed as the interlayer and the separator in Li-S batteries, 
leading to an improved cycling stability and a higher specific capacity. The Li-S batteries with a 
FBN/Graphene interlayer attained a high initial capacity (556 mA h g-1), high current rate performance 
(6C), and long-life stability (1000 cycles). The Li-S batteries with a FBN separator achieved an ultra-
long cycling of 2000 cycles at a much higher current rate (10C) and delivered 585 mA h g-1 specific 
capacity. Innovative Li-PS batteries (Li-PS cells) with the PS liquid cathodes were also investigated. 
Li-PS cells with an ultra-high sulfur (PS form) content (92 wt.%) achieved a high initial discharge 
capacity of 1302 mA h g-1, and an ultra-stable long cycling life (500 cycles) at a high current rate of 
10C. Importantly, this Li-PS cells also displayed a high capacity of 763 mA h g-1 at 20C. FBNs with 
either amino or carbonate groups helped to reduce the “shuttle effect”, and provided possibility for the 
development of a stable PS cathode.
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Chapter 1 Introduction 
 
1.1 Lithium-sulfur (Li-S) batteries 
Electrochemical energy storage systems with high power density, long cycle life, high 
efficiency and low cost are widely considered to store energy for transportation, electric 
power grid, electric vehicles, and advanced portable electronics applications [1]. 
Current Li-ion battery technology, however, can’t meet the demands for high energy and 
high-power applications such as energy storage for future transportation as well as 
controllable energy storage/harvesting from renewable sources. It is therefore crucial 
to develop a rechargeable energy storage system with high energy density.  
The electrochemical theory has articulated that, sulfur, which is in vogue for promising 
multi-electron transfer redox chemistry [2-7], exhibits higher power density than the 
single electron reaction system. Therefore, Li-S battery has a much higher theoretical 
energy density of 2600 Wh Kg-1 among various energy storage devices [8,9]. The redox 
pathway between the lithium metal anode and the sulfur cathode can be described as 
below:  
𝑆଼ + 𝐿𝑖ା + 𝑒ି → 𝐿𝑖ଶ𝑆௫ (2.4 − 2.1𝑉)                                                                             (1.1) 
𝐿𝑖ଶ𝑆௫ + 𝐿𝑖ା + 𝑒ି → 𝐿𝑖ଶ𝑆ଶ and/or 𝐿𝑖ଶ𝑆 (2.1 − 1.5V)                                                (1.2) 
In organic electrolyte, soluble lithium polysulfides are generated in solid sulfur 
cathode through the equation (1.1) and the polysulfides are converted to insoluble 
lithium polysulfides (Li2S2 and/or Li2S) through the equation (1.2) at the end of the 
discharge process [7]. Such an electrochemical reaction includes a solid-liquid-solid 
phase transformation of the active sulfur materials and the dissolution of intermediate 
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products formed during the charge/discharge process resulting in the well-known 
“shuttle effect” which causes severe capacity decay and a lower Coulombic efficiency 
of the cells [10-13]. In addition, poor conductivity of the sulfur element and volume 
variation of the sulfur during cycling also affect the performance of Li-S batteries. The 
common problems associated with Li-S batteries are summarized as below:  
(ⅰ) the insulating nature of sulfur and sulfides which limits electron transport in the 
cathode and leads to a low initial specific capacity [9, 14]; (ⅱ) the polysulfide shuttle 
effect which gives rise to shuttle phenomenon that sulfur species transport back 
and onward between electrodes cause a low Coulombic efficiency and poor 
cycling life [9, 14-16]; (ⅲ) the volume variation of sulfur electrode during cycling leads 
to dis-integrity of the composite electrode which causes a drastic capacity decay [17-19]. 
To overcome these problems, most studies focused on the modification of electrode 
architecture [20-33]. Even though researchers have paid their attentions on novel 
approaches for the improvement of Li-S batteries such as the development of interlayers 
and separators [34-43], however, success is limited. Hence, there are significant 
challenges and opportunities remaining for the development of Li-S batteries. More 
detailed literature review is given in Chapter 2. Chapter 3 lists major characterization 
techniques and experimental methods used in this PhD study.  
1.2 Functionalized boron nitride (amino) interlayers 
The “shuttle effect” which is widely considered as the main reason of capacity decay in 
Li-S batteries. During cell operation, the produced PSs transport from the cathode side 
to the anode side through the separator with micro-level pore size, react with lithium 
metal and produce insoluble lithium sulfide which is non-rechargeable. Therefore, it is 
necessary to find out suitable materials which are able to keep PSs staying at the cathode 
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side during cycling process.   
In recent years, a lot of studies have been focused on introducing an interlayer between 
the sulfur cathode and the separator, such as carbon-sulfur composites [44], carbon 
nanotube paper [38], and carbonized eggshell membrane [45]. Although all of these 
strategies significantly enhance either rate performance or cycling life of the batteries, 
however, complicated electrode preparation procedure and weak interaction between 
interlayer and polar PS anions significantly affected overall performance of the Li-S 
batteries. 
Boron nitride is known as a stable material with various structures such as nanotubes 
and nanosheets, and this nanosheets structure is also called as an analogue of graphene, 
which has been proven to promise a wide range of applications such as composite 
reinforcement, hydrogen storage, and adsorption of dyes, proteins, organic solvents, 
and oils due to their high resistance to oxidation, good chemical inertness, high surface 
area, strong electrostatic attraction and non-covalent interaction [46-51]. Moreover, such 
a stable structure is expected to be beneficial for the inhibition of “shuttle effect” in Li-
S batteries. Therefore, boron nitride can be assumed as a suitable material for significant 
development of Li-S batteries. Furthermore, boron nitride nanosheets can be linked 
with various functionalized groups [49, 52] such as amino and carbonate. The amino 
group has an excellent PS absorption ability and functionalized boron nitride (FBN) 
nanosheets with amino groups was produced by a solid-state ball milling method [51] 
and used as PS trapping and interlayer material in this PhD study. In Chapter 4, 
fabrication of a Li-S battery with graphene supported FBN (amino) interlayer and their 
electrochemical performance are discussed in detail.  
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1.3 Functionalized boron nitride (carbonate) separator 
Currently, researchers have paid their attention in the development of PS inhabitable 
separator. A pioneering work led by Sun and Cui in 2016 [39], involved in the 
development of separators for Li-S batteries. More recently, new separators such as 
graphene oxide paper [53, 54], black-phosphorus modified separator [39], metal-
organic framework (MOF) and graphene oxide (GO) [38] have been developed to 
prevent PS shuttle effect in order to enhance the performance of Li-S batteries. However, 
limited absorption ability, intrinsic mechanical brittleness, and limited electron 
transport properties restricted the development of these materials in Li-S batteries. 
In this PhD study (Chapter 4), it is demonstrated that the electrochemical performance 
of Li-S batteries depends on the content of FBN (amino) and sulfur loading in the 
interlayer. The electrochemical performance deteriorated when FBN (amino) content 
was increased in the interlayer from 40 wt.% to 50 wt.% which are ascribed to the 
increased insulating nature of FBN. On the other hand, this interlayer is not suitable for 
a higher sulfur loaded electrode. It is therefore necessary to find out a novel approach 
for the application of FBN with high sulfur loading. 
A functional group such as carbonate with a negative charge is possible to exclude the 
PS anion due its negative charge as well. To inhibit “shuttle effect” more effectively, 
and the FBN (COଷଶ-) was prepared and coated onto Celgard 2400 separator. This new 
separator can alleviate the PS diffusion and enhance the lithium ion diffusion in Li-S 
batteries, was assembled to a standard 2025 cell with a sandwich-like graphene 
electrode. This new multifunctional separator which is called an “FBN (carbonate) 
separator”, was prepared by coating a layer of FBN with COଷଶ- groups on a Celgard 
2400 separator. The PS “shuttle effect” was dramatically alleviated and lithium ion 
5 
 
diffusion was significantly enhanced by the layer of negative charged FBN (carbonate). 
The preparation of FBN with COଷଶି groups, FBN (carbonate) separator, and their 
electrochemical performance in Li-S batteries are discussed in Chapter 5.    
1.4 Lithium-polysulfide (Li-PS) liquid cathode 
The insulating nature of sulfur and sulfides was widely considered as another important 
reason to inhibit the development of Li-S batteries. The poor electronic conductivity of 
sulfur element leads to a low sulfur content in the cathode electrode and elemental 
rearrangement of sulfur during charge process also leads to a capacity decay from the 
initial specific capacity. Recent researches have focused to solve these problems by 
increasing conductivity and specific surface area of sulfur loading materials [55-57]. A 
concept of liquid electrodes (a current collector with the soluble active materials) have 
been proved to be a suitable approach due to high conductivity of liquid ions for various 
batteries including redox flow batteries, valence metal ion liquid cathode, and so on 
[58-68]. Some other approaches were attempted to abandon traditional solid-liquid-
solid phase reaction of Li-S batteries [68-72] and used Li-PS system instead. However, 
the testing methods of these Li-PS batteries are still following the traditional Li-S 
batteries which eventually produce insulating sulfur element after the first cycle.  
In traditional Li-S batteries, the detail reactions are described as below: 
𝑆଼ + 2𝐿𝑖 →  𝐿𝑖ଶ𝑆଼                                                                                                                (1.3) 
𝐿𝑖ଶ𝑆଼ + 2𝐿𝑖 →  𝐿𝑖ଶ𝑆଼ି௫ + 𝐿𝑖ଶ𝑆௫                                                                                      (1.4) 
2𝐿𝑖ଶ𝑆௫ + (2𝑥 − 4)𝐿𝑖 → 𝑛𝐿𝑖ଶ𝑆ଶ                                                                                        (1.5) 
𝐿𝑖ଶ𝑆௫ + (2𝑥 − 2)𝐿𝑖 → 𝑛𝐿𝑖ଶ𝑆                                                                                             (1.6) 
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𝐿𝑖ଶ𝑆ଶ + 2𝐿𝑖 → 2𝐿𝑖ଶ𝑆                                                                                                           (1.7) 
In order to avoid the production of sulfur element with poor conductivity (5.0×10-30 S cm-1 
at 25℃), the mechanism of this liquid electrode can be assumed to only complete the 
equations from (1.4) - (1.7) during discharge process and the equations (1.7) - (1.4) 
during charge process. By consideration of these equations, the calculated theoretical capacity 
of Li-PS system was 1470 mA h g-1 which is 87.5% of sulfur element (1680 mA h g-1) 
(the weight of functional material is dischargeable S଼ଶ- ion). However, the “shuttle 
effect” means that it is hard to keep PS ion solution staying on the cathode side. In 
another word, the sulfur element loading of the electrode is still necessary for the 
traditional shuttle effect inhibition approaches (electrode modification). Therefore, 
focuses both on the interlayer and the separator is a good option for the development of 
ultra-fast and stable PS liquid electrode systems. The FBN (carbonate) separator 
discussed in the Chapter 5 showed shuttle effect inhibition and performed better than 
interlayer system which is discussed in Chapter 4. The new Li-PS batteries also need a 
simple system to clarify the mechanism, possibility and performance. In this respect, 
the FBN (carbonate) separator is employed to build this new Li-PS liquid electrode 
system which exhibits better performance than that of the traditional Li-S solid cathode 
system as discussed in Chapter 6.  
The Chapter 7 provides a summary of main conclusions obtained from the study and 
perspective work for future students.  
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Chapter 2 Literature review 
2.1 Structure of Li-S battery  
A Li-S battery normally consists of eight elements including cathode, cathode shell, 
separator, electrolyte, anode, anode shell, shrapnel, and gasket as shown in Figure 2.1. 
All of these elements together keep the battery cell airtight and ensure the stability of 
its functioning parts. In order to explain the effect of each functioning part on the 
performance in Li-S batteries, several aspects of research are discussed in this Chapter 2.  
 
Figure 2.1 Stacking procedure of coin cell components for Li-S battery 
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2.2 Sulfur cathode 
2.2.1 Sulfur   
Sulfur is known as one of the richest elements on Earth and has been detected in more 
than 30 solid allotropes. The most common sulfur molecule structure in nature is cyclic 
octasulfur (S8), and the second being the cyclic S12 allotrope [1]. Octasulfur is found in 
three forms: α-sulfur, β-sulfur, and γ-sulfur where β γ phases are metastable, and can 
be converted to α-sulfur at room temperature. The α-sulfur has a special viscosity-
temperature behavior around its melting point of 115.21°C. The viscosity of α-sulfur 
slowly decreases as the temperature increases from 115.21°C to 155°C, and viscosity 
increases markedly when temperature increases from 155°C to 190oC because of 
depolymerizing of octasulfur which starts at this temperature range [2, 3]. Therefore, 
155°C is a minimum viscosity value temperature for the octasulfur element without 
depolymerizing.  
This temperature (155°C) has been generally used to improve sulfur electrode 
preparation process. In addition, allotropes with rings of 9-5, 18 and 20 sulfur atoms 
are formed above 160°C, and elastic and metastable amorphous sulfur can be produced 
when these melt forms are rapidly quenched. Furthermore, allotropes with 2-5 sulfur 
atoms are only present in the vapor above 720°C or slightly lower temperature under 
lower pressure [4, 5].  
Although sulfur is slightly soluble in many polar electrolyte solvents [6], the produced 
PS anions in Li-S batteries can be formed readily and stably in solution. For example, 
it easily produces PS (Li2Sx with 2≤x=n≤8) from the reaction between elemental sulfur 
and lithium sulfide (Li2S) [7]. As shown in Table 2.1 [8], the Gibbs free-energy of each 
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PS anion is closer to each other. Hence, these kinds of PS anions can exist together in 
solution and participate in various reactions.   
Table 2.1 Thermodynamic data of various PS anions formed in aqueous solution [8].  
𝐒𝐧𝟐ି with n=2 n=3 n=4 n=5 n=6 n=7 n=8 
∆𝐆𝟎, kJ mol-1 77.4±1.3 71.1±0.7 67.1±0.1 66.0±0.1 67.4±0.1 70.7±0.3 74.9±0.5 
∆𝐇𝟎, kJ mol-1 13.0 6.6±0.1 9.0±0.1 9.6±0.1 13.3±0.1 16.5±0.1 23.8±0.2 
𝐒𝟎, kJ mol-1 K-1 -22 9±4 63±1 100±2 139±1 171±4 213±8 
 
2.2.2 Reactions of sulfur cathode   
It is known that sulfur is the main functional element of Li-S batteries. The reaction 
characteristics between lithium metal and sulfur element display a key role in all kinds 
of Li-S batteries which can be summarized as below [9-11].  
Region I: A solid-liquid phase transition occurs from elemental sulfur to Li2S8, and 
exhibits the first higher 2.2-2.3 V plateau at the beginning of discharge process. In this 
region, Li2S8 is dissolved into the electrolyte solvent and the cathode side becomes a 
liquid electrode. Numerous voids are produced during this process and lead a volume 
effect in the cathode. 
𝑆଼ + 2Li → 𝐿𝑖ଶ𝑆଼                                                                                                                   (2.1) 
Region II: The dissolved Li2S8 is reactive and produces low-chain PS ions in a liquid 
single-phase system. This reaction is performed between 2.2-2.3 V slope region and 
1.9-2.1 V plateau region during discharge process and the viscosity of solution slowly 
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increases due to increasing the concentration of PS anions and a length of S-S chain 
decreases. A maximum value of solution’s viscosity appears at the end of the discharge 
region.  
𝐿𝑖ଶ𝑆଼ + 2Li → 𝐿𝑖ଶ𝑆଼ି௡ + 𝐿𝑖ଶ𝑆௡                                                                                        (2.2) 
Region III: A liquid-solid phase transition happens between dissolved low-chain PS 
ions and insoluble Li2S2 or Li2S. A second voltage plateau at 1.9-2.1 V is observed 
which is the main capacity region of the Li-S batteries. Contest appears between 
reaction (2.3) and (2.4) during this process.  
2𝐿𝑖ଶ𝑆௡ + (2n − 4)Li → 𝑛𝐿𝑖ଶ𝑆ଶ                                                                                         (2.3) 
𝐿𝑖ଶ𝑆௡ + (2n − 2)Li → 𝑛𝐿𝑖ଶS                                                                                              (2.4)                                                        
Region IV: A solid reaction is realized in this region. Insoluble Li2S2 reacts with Li and 
produce Li2S. Non-conductive and insoluble natures of Li2S2 and Li2S lead a high 
polarization in this process.  
𝐿𝑖ଶ𝑆ଶ + 2Li → 𝐿𝑖ଶS                                                                                                               (2.5) 
2.2.3 Advantages and problems of Li-S batteries with sulfur cathode  
The Li-S cells with sulfur cathode have two key attractive features including: (i) low 
cost and natural richness of S and (ii) high theoretical energy density [12-14]. Recent 
studies demonstrate that Li-S batteries show great potential for their commercialization 
because of higher energy density and longer cycle life than Li-ion batteries [12-40]. 
However, there are still several problems of Li-S batteries with sulfur cathode: (i) poor 
electrode recharge ability and limited rate capability [15, 16], due to the insulating 
nature of sulfur and the solid reduction products of Li2S and Li2S2; (ii) fast capacity 
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decay due to various soluble polysulphide Li2Sx (2 ≤ x ≤ 8) as intermediates [6, 17-19], 
which lead to a shuttle effect [20]; (iii) a poorly controlled Li/electrolyte interface; and 
(iv) the reaction from Li2S2 to Li2S cannot be reversible fully. In addition, Li-S system 
faces serious volume expansion with sulfur cathode in the process of cycling due to an 
imbalanced density between sulfur and the Li2S (sulfur 2.03 g cm-3, Li2S 1.67 g cm-3) 
[13], which easily break electrode structure and destroy conductivity network of the 
electrode. At the same time, the reaction on the surface of lithium metal also leads to a 
significant structural change, similar to the Li-ion batteries. All of these factors 
eventually restrict the cycling performance of Li-S batteries which delay the 
development of practical Li-S battery system. Therefore, it is necessary to develop 
novel approaches to prepare suitable electrode system for further improvement of the 
Li-S systems.     
2.2.4 Carbon based sulfur cathodes and approaches   
Electrode materials are a key component of any batteries. Good electrodes or electrode 
materials for Li-S batteries should have some special properties such as (i) a high 
electrical conductivity which can ensure faster electron transfer during redox process; 
and (ii) should maintain stable structure and small volume expansion as far as possible to 
ensure stable cycle performance of the battery system; and (iii) conductivity improvement 
of the inherent electronic insulation (5 x 10-30 S cm-1, 25℃) of the elemental sulfur as 
it seriously affects the electrochemical performance.  
Most of the traditional approaches for the preparation of sulfur electrodes involve the 
physical mixing of sulfur with conductors such as super P Li or carbon black and 
binders. The slurry of the mixture is pasted onto the current collector of aluminum foil 
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[21, 22]. However, the selection of binders is very important during the preparation of 
a sulfur cathode [23, 24]. A suitable binder not only displays enough strength to confirm 
electrode stability in the cycling process but also employs some functional groups to 
trap PS ions, thereby limiting the diffusion of PS ions. Furthermore, a stable and 
commercial sulfur-loading material such as conductive carbon black [25, 26] should 
be used to develop future practical Li-S systems.  
To sum up, no matter what method is used for the preparation of sulfur cathode, 
selection of carbon materials (both conductor and sulfur loading carbon) and proper 
design of cathode architecture need to be considered to achieve an appropriate interface 
between electrode and electrolyte to ensure maximum utilization of sulfur [27]. In this 
respect, the electrode architecture should be intertwined with stable three phases 
networks of e-/S8/Li+ where lithium ions and electrons can smoothly contact with sulfur 
and react easily.  
Wang et al. [21] reported a core-shell carbon-sulfur nanocomposite structure produced 
via an aqueous solution route where commercial carbon black used as sulfur loading 
materials. In this structure, a high sulfur loading of 84.62 wt.% was uniformly coated 
on the outside surface of the carbon black particles. For comparison purpose, two 
additional sulfur cathodes were prepared without coating sulfur on the carbon black 
particles precisely and these cathodes exhibited a large impedance and low capacity 
[21]. Furthermore, a cooling-precipitation method was also employed to construct a 
homogeneous sulfur composite with carbon black [22]. In this method, dimethyl 
sulfoxide was used as solvent to dissolve sulfur at temperatures above 115℃ and 
precipitation of sulfur-carbon black together occurred at temperatures below 80℃ with 
a sulfur loading of 64.74 wt.% [22]. The incorporation of carbon black significantly 
decreased the size of sulfur particles and facilitated a homogeneous distribution of 
18 
 
sulfur throughout the composite, resulting in an enhancement of the cathode 
performance. Nevertheless, all of these electrodes exhibited an obvious “shuttle effect” 
and a low sulfur utilization which lead unstable cyclic performance with low specific 
capacity [28-30]. Therefore, to improve cyclic stability and high utilization of sulfur, 
recent research mainly focuses on the construction of composite cathodes with different 
sulfur loading materials such as sulfur-carbon composites, sulfur-polymer composites, 
sulfur-oxide compounds, and carbon-sulfur-polymer composites [14, 31-40]. These 
composite cathodes inhibited PS transfer and achieved higher sulfur loading with better 
electrical conductivity of the electrodes, leading to better cycling stability with 
reasonable capacity. Basically, sulfur loading materials played crucial roles for the 
enhancement of electrochemical performance. Generally sulfur loading materials have 
at least one of the three functions described as below: (ⅰ) a good electrical conductivity 
with sufficient mechanical strength which can prevent disintegration of active materials 
with current collector and ensure maximum utilization of sulfur [41-43]; (ⅱ) a good 
sulfur immobilization ability including physical and chemical adsorptions which lead a 
better cycling stability of the sulfur-based compounds [44]; and (ⅲ) exhibits certain 
surface functional groups (such as graphene oxide) which are reactive to chemical 
interaction [45]. For further discussion, few sulfur composites and immobilization 
methods are summarized in Figure 2.2 which are found in relevant contemporary 
literature [14, 31-45].   
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Figure 2.2 Design of sulfur based composites for Li-S batteries [14, 31-45]. 
 
The mesoporous carbon-sulfur composites have been developed and studied as an 
important sulfur loading composite because of their efficacy in supporting sulfur 
stability in Li-S batteries [46-50]. Bimodal mesoporous carbon with 2.0 nm and 5.6 nm 
mesopore was used to regulate ion conductivity to achieve high-rate performance in 
mesoporous framework, where small mesopores were located in the walls of the large 
mesopores without the structural harming of the framework [26].   
By screening over various mesoporous carbons with different mesopore sizes and pore 
volumes, Li et al. [47] concluded that (ⅰ) large pore volume is good for increasing sulfur 
storage which leads a higher capacity to the composite (based on total mass of carbon 
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and sulfur); (ⅱ) empty pore space is crucial for facile supply of lithium ions and 
adsorption of PS; and (ⅲ) polymer coating of mesoporous carbon is important for the 
enhancement of cathode performance. 
Furthermore, Zhang et al. [31] reported an excellent cycling stability of a sulfur 
electrode in which sulfur was stored in microporous carbon spheres [31]. The 
microporous carbon spheres with 200-300 nm in size were synthesized by refluxing 
sucrose (5 wt.% solution) in 6M sulfuric acid at 120℃ for 10 h followed by 
carbonization at 1000℃ for 2h in argon atmosphere. The mixture of microporous 
carbon and sulfur was heated at 149℃ for 6 h and then temperature was raised to 300℃ 
and kept for 2 h to vaporize excess sulfur. The micropore size of the composite was 
about 0.7 nm and no mesopores were detected. It was found that high sulfur loading of 
51 wt.% showed much smaller capacity (~300 mA h g-1) than that of low sulfur loading 
of 42 wt.% (~900 mA h g-1) This approach displayed a lower conductivity and severe 
volume expansion due to high loading of sulfur. The composite with low sulfur loading 
was stable for 500 cycles, which can be attributed to the strong adsorption of PS ions 
by the narrow micropores [31]. Similar cathode behavior of sulfur in microporous carbon 
was also reported by Wang et al. [51] and Xin et al. [52]. All of these works demonstrated 
similar behavior of the microporous carbon-sulfur composites [31, 51, 52]. In their 
findings, Xin et al. [52] considered the lithiation of small sulfur molecules and proposed 
that cyclo-S5-8 molecules with at least two dimensions larger than 0.5 nm can’t exist 
inside the micro-pores, while small S2-4 molecules with at least one dimension less than 
0.5 nm can be hosted. However, characterization of amorphous sulfur molecular 
structure in the micro-pores is still a great challenge.   
Therefore, scientists are looking for alternative sulfur loading materials and carbon 
nanotubes (CNTs) is one of them. Yuan et al. [53] prepared S-CNTs composite by 
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mixing sulfur and CNTs via ball milling followed by annealing at 155oC for 24h. In this 
composite S5-8 molecules were stored into the tubes and sulfur performed a key role in 
wetting of the external surface of CNTs due to the low surface tension of sulfur. As a 
result, the S-CNTs composite displayed improved capacity and good stability compared 
to the sulfur-carbon based composites. In addition, hollow carbon nanofibers (CNFs) 
were also reported to be a suitable sulfur loading material for the preparation of S-CNFs 
composite cathode to prevent diffusion pathways of PS ions. This robust hollow design 
was believed to feature the following characteristics: (ⅰ) a closed structure for inhibiting 
PS ions shuttle; (ⅱ) limited surface area for sulfur-electrolyte contact; (ⅲ) enough space 
to accommodate volumetric expansion/shrinkage of sulfur; and (ⅳ) a short electron and 
Li ions transport pathway [54]. 
From the above discussion, it is concluded that the selection of sulfur loading materials 
is crucial as it regulates structural features of the final cathode composites. Even though, 
a significant improvement for the preparation of sulfur cathode has been made in recent 
year, however, a lot of basic works still need to be further explored, particularly cathode 
reaction mechanism which produces complex intermediate products during cycling. 
Therefore, it is necessary to identify and analyze all complex intermediates, particularly 
PS ions by adopting most advanced in-situ/ex-situ techniques [55]. Moreover, new 
approaches are also needed for efficient sulfur loading in sulfur immobilization 
processes [56].   
2.2.5 High sulfur loading graphene based electrodes and approaches   
In the most reported cases, the areal loading of sulfur in the electrode was less 
than 2 mg cm-2 and sulfur containing composites had a sulfur fraction below 70 wt.% 
[57-60]. Furthermore, most researchers have developed several methods (such as metal 
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oxide coating, Yolk-shell structure and so on) to inhibit PS shuttle effect [38, 61]. 
However, all of these methods/strategies can load small amount of sulfur into the final 
composites, leading to lower energy density of the cells.   
The traditional Li-S battery production process that uses aluminum (Al) foil as a current 
collector and a routine blade coating is widely used to coat slurry onto Al current 
collector. However, this process does not allow a high mass loading of sulfur, because 
a thick electrode tends to delaminate from Al current collector after coating and 
subsequent drying. Therefore, it is necessary to develop an interconnected high sulfur 
loading surface current collector to improve energy density per unit area, which avoids 
the thick active material peeling off from the current collector [62, 63]. Such an 
interconnected structural design would also minimize electron and ion transport 
resistance as well [64]. Recently, graphene sheets, a 2D lattice with honeycomb sp2 
carbon has received worldwide attention for its potential application in next-generation 
energy storage devices because of its fascinating electrical and chemical properties [65-69]. 
Table 2.2 summarizes the advantages of graphene sheets over other different forms of 
carbon. The graphene sheets exhibit good stability, good conductivity, and high 
flexibility as it has low volume change among sheets. Hence, graphene sheets can 
potentially be used as high sulfur-loading materials for the development of advanced 
sulfur cathode composites for Li-S batteries.  
  
23 
 
 
Table 2.2 Comparison of different properties among graphene sheets and other form of 
carbons in Li-S batteries [31, 38, 46-69].  
Different forms of 
carbon Stability Conductivity Volume change 
Microporous 
carbon Good Normal Normal 
Mesoporous 
carbon Normal-Good Normal Normal 
Carbon 
nanotubes Normal-Good Good Normal 
Graphene sheets Normal-Good Good Good 
 
The viability of graphene sheets derived from solvothermal technique used as a sulfur 
host material in the composite cathode of sulfur-graphene was first reported by Wang 
et al. [70]. Successive optimization of various synthesis methods resulted in diverse 
configurations of different graphene-sulfur composites, including graphene-wrapped 
sulfur particles (Figure 2.3a) [71-73], sandwich type composites (Figure 2.3b) [32, 74-76], 
and sulfur coated graphene sheets were developed [77, 78].  
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Figure 2.3 Micro structures of different graphene based composites [73, 74, 80]: (a) 
graphene-wrapped sulfur particles; (b) sandwich type composites; and (c) graphene-
single walled CNT (SWCNT) hybrid.  
 
Basically, graphene sheets favor to wrap sulfur due to large lateral size, good 
conductivity and high flexible structure. However, ions face difficulties to conducive 
across the graphene sheets which is in a lateral direction even under ideal conditions. 
To overcome this problem, as well as to provide more sites for sulfur storage, activated 
graphene sheets was synthesized and used as sulfur hosts [79]. The researchers 
employed KOH as an activator to produce mesopores on the graphene sheets, which 
are large enough to transport Li ions but small enough to hold PS ions. This activated 
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graphene sheets clearly demonstrated better rate performance and stability compared 
to the pristine graphene sheets. Another sulfur host structure, combination of 
graphene-single walled nanotubes (graphene-SWCNTs), were also developed 
(Figure 2.3c) by Zhao et al. [80]. In this structure, graphene constructed a hexagonal 
hollow container for holding sulfur while exterior SWCNT provided electron 
conduction pathways as well as mesoporous texture to adsorb PS ions. The highly 
graphitic nature of this hybrid led an excellent high-rate performance [80].   
Very recently, doped graphene and functionalized graphene have been reported as 
suitable sulfur host to further enhance composite sulfur cathodes [81, 82]. As shown in 
Figure 2.4, graphene/Ni foam used as a high sulfur-loading host as reported in 2015 by 
Zhou et al. [30]. The composite cathode of S-graphene/Ni foam with a high sulfur 
content of 70 wt.% exhibited high initial capacity (1300 mA h g-1) and high rate 
capability (4C), however, cycling stability was not satisfactory [83, 84]. These results 
clearly demonstrate high conductivity of the S-graphene/Ni foam cathode but this 
structure cannot inhibit PS shuttle effect.   
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Figure 2.4 Construction of high sulfur loading S-graphene/Ni foam composite cathode 
for Li-S batteries [30].   
 
In 2016, a high sulfur loading N-doped graphene sheets/sulfur composite was reported 
by Song et al. [85]. In this study, separator was coated with N-doped graphene 
sheets/sulfur composite. Preparation of sulfur composite cathode by combining 
graphene and N (nitrogen) doping is an ideal nanoscale building block to achieve high 
sulfur content in the composite. However, graphene sheets tend to form agglomerates 
or even restack to form graphite through van der Waals interactions during graphene 
preparation and subsequent electrode production, resulting in the loss of specific 
surface area [86-90], leading to lower PS adsorption capacity due to decrease of 
accessible active sites located on the surface of graphene [90]. On the other hand, 
electrochemical performance such as cycling stability and sulfur utilization is still 
unsatisfactory with N-doped graphene sheets/sulfur composite [91-93]. Hence, it is 
important to prevent graphene aggregation to maintain its accessible active surface and 
need to construct adequate pores to host sulfur when graphene sheets are used as 
electrode materials for Li-S batteries. To avoid problems with N-doped graphene 
sheets/sulfur composite, other novel structures such as 3D N-doped graphene/sulfur 
composite and crumpled N-doped graphene sheets/sulfur composite were fabricated 
(Figure 2.5) [85, 91, 92].   
Few other graphene-sulfur composites have also been reported. A sandwich-structured 
graphene-sulfur composite prepared by thermal annealing and polymer coating was 
observed to be a good strategy for achieving better cycling stability [74]. Expanded 
graphite, which is composed of lightly weighted graphene sheets with a preserved 
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layered structure, used as an intercalation host for sulfur cathodes [32, 75, 76]. The 
reduction and synchronous sulfur modification by sulfide and sulfate were also found to be 
beneficial for homogeneous growth of a sulfur film on graphene sheets [94].   
 
Figure 2.5 Structure and performance comparison [85, 91, 92]: (a) N-doped 
graphene sheets/sulfur composite; (b) 3D N-doped graphene sheets/sulfur 
composite; and (c) crumpled N-doped graphene sheets/sulfur composite. 
 
From the above discussion, it is concluded that high performance sulfur loading or 
sulfur host materials with high content of sulfur, enough conductivity and structural 
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stability are very important to fabricate graphene based robust sulfur composite cathode 
for the development of next generation Li-S batteries.   
2.3 Interlayers  
In 2012, Su et al. [95] demonstrated that interlayers have huge impact on the 
performance of Li-S batteries. In their study, they developed a microporous flexible 
carbon paper, which was placed on the top of sulfur cathode during cell-assembly. 
Initially, this flexible carbon paper interlayer prevented PS ions transfer through 
separator, however, performance of this interlayer deteriorated with increasing cycle 
numbers because single layer carbon paper was unable to fully block PS ions diffusion. 
Later on, multi-layers carbon paper (freestanding Kimwipes (CK) interlayer) was 
developed (Figure 2.6) and protected PS ions diffusion more effectively with excellent 
cycling performance including high initial capacity, long cycle life and high rate 
capability of the sulfur electrode [96]. The excellent electrochemical performance of 
the sulfur cathode was related to the robust interlayers with a hierarchically porous 
structure and 3D interwoven fiber network, which absorbed/trapped PS ions but 
diffused electrolyte and transported electrons smoothly. In addition, the reactivation 
ability of the trapped PS ions in the CK interlayer accelerated electrolyte 
immersion/penetration between three-phase boundary involving electrolyte, efficient 
electron transport, and conductive network.  
As shown in Figure 2.6, PSs ions are continuously trapped by each CK layer. The 
limited PS trapping ability of each layer leads to some PS ions escaping and the amount 
of escaping PSs gradually decreases from one interlayer to another after being trapped. 
Interlayers fabricated with hierarchical porous network of carbon with good 
performance were also reported [97-99].  
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Figure 2.6 Polysulfide (PS) diffusion in Li-S battery with multi-layers [96]. (a) to (f) 
are the layer number from the cathode side to the anode side. (a) is the closest layer to 
the cathode, and (f) is the furthest layer to the cathode.  
 
To increase the conductivity of interlayers, Al particles were deposited on the carbon 
film via radio-frequency magnetron sputtering technique [100]. The incorporation of 
Al particles onto carbon film reduced internal resistance and utilized sulfur more 
effectively. The cells delivered high initial capacity of 1394 mA h g-1 and 1273 mA h g-1 
at current rates of 0.5C and 1C with excellent capacity retention of 889 mA h g-1 and 
924 mA h g-1 after 100 cycles, respectively. 
More robust hybrid interlayers composed of 3D flexible freestanding NiO/RGO-Sn 
film was developed by Li et al. [101]. This hybrid interlayers provide high conductivity 
and prevent PS ions diffusion, simultaneously. Basically, the incorporation of Sn 
nanoparticles into this interlayer provides unique properties to the system: (i) Sn 
nanoparticles with high conductivity have superior ions accommodation ability and 
used in energy storage areas [102]; (ⅱ) Sn shows high chemical activity with polysulfide 
in moderate conditions and can be used as PS absorption materials [103]; (ⅲ) Sn is an 
eco-friendly element with little toxicity and no pollution for the environment [104]. 
Furthermore, RGO is an ideal candidate for the absorption of PSs due to oxygen 
functional groups and structural defects. On the other hand, binding energies between 
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Ni2＋ and PSs show that Ni2+ can surprisingly arrest PSs through physical and chemical 
interactions at the molecular level in the cathode [105]. As a result, the NiO/RGO-Sn 
interlayers display excellent electrochemical performance in Li-S battery, which are 
attributed to the following aspects: (i) improved sulfur loading up to 4 mg cm-2; (ii) a 
unique sandwiched hybrid structure was formed as a barrier layer, where surface of the 
NiO hollow structures was wrapped by RGO nanosheets, prevented PSs diffusing from 
the cathode area to the anode area, further suppressing the shuttle effect; (iii) NiO 
immobilized sulfur species and PSs through chemical reaction between Sn, NiO and 
PSs; (iv) an extra space between RGO nanosheets and hollow NiO can effectively avoid 
volume changes during charge-discharge process, leading to structural stability of the 
cathode. Therefore, PSs absorption materials combined with high conductors could be 
a better choice for the development of Li-S batteries. PSs absorbable some other 
materials such as various metal oxides [106-118], MoS2 carbon fibers [119], and 
nanoporous graphitic carbon nitride [120] have also been reported.   
In this PhD study, functionalized boron nitride is evaluated as new PSs absorption 
materials [121]. In this study, boron nitride (BN) was functionalized with amino groups, 
and then it was mixed with graphene conductors (FBN/G). This interlayer (FBN/G) was 
coated onto a prepared carbon nanotube/sulfur electrode. The properties of fabricated 
interlayer are compared with reported results as summarized in Table 2.3. 
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Table 2.3 The advantages contrast of the interlayer materials for Li-S batteries [95-120] 
Materials PS absorption ability Conductivity Mass 
Carbon fiber (CF) Normal-good Normal-good Good 
CF and metal 
composite Normal-good Good Normal-good 
RGO Normal-good Normal-Good Good 
FBN and graphene 
composite Good Normal-good Good 
 
In summary, it is realized that currently researchers have transferred their interest from 
physical intercept materials to PSs absorption materials because PSs absorption 
materials have faster PS entrapment, more stable reactions, and thinner interlayers. In 
addition, absorption materials can prevent sulfur aggregation in Li-S batteries during 
charging process, enhancing electrochemical performance [95-120]. Nevertheless, 
some absorption materials, particularly metal oxides, graphitic carbon nitride or boron 
nitride exhibit lower electronic conductivity than traditional conductors such as super 
P Li [120, 121]. The interlayers made from highly conductive materials with porous or 
fibrous networks and PSs absorbable materials combination with conductors (carbon or 
metal) are highly expected for the future development of Li-S batteries due to their 
excellent PS ions trapping and “shuttle effect” inhibition properties.  
2.4 Separators  
The improvement of separators is considered to be an effectively strategy to inhibit 
shuttle effect in Li-S batteries. Basically, separators in batteries are used to avoid 
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direct contact between anode and cathode. Hence, the insulating nature and non-
reactive characteristics of the separators in Li-S batteries bring a hope to develop 
PSs transfer inhibition system. To achieve better performance, the development of 
separators for Li-S batteries was initiated by Sun et al. [84]. Later on, various 
approaches and routes are presented for the development of separators as 
summarized in Figure 2.7 [45, 83, 84, 122, 123, 131].  
 
Figure 2.7 Design of separator materials for Li-S batteries [45, 83, 84, 122, 123, 131]. 
 
The development of separators depends on the properties of the materials used for 
separator modification and materials should have: (i) good electronic conductivity and 
excellent PSs trapping ability both physically of chemically, similar to the interlayer 
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materials [124]. For an example, black-phosphorus has been chosen as a suitable 
material for modification. The structure of black-phosphorus (BP) is similar to the 
graphite with high conductivity (≈ 300 S m−1) [83]. On the other hand, Li+ diffusion 
within a phosphorene monolayer (zigzag pattern) is about 104 times faster than that of 
graphene at room temperature [125]. Furthermore, bonding energies between P and S 
ranges from 285 to 442 kJ mol−1, slightly lower than the 485 kJ mol−1 for a P-P 
bond [126]. This suggests that backbone of the BP could not be affected by chemical 
interactions with PSs. The initial discharge capacity of the cell with BP separator was 
measured to be 930 mA h g−1, whereas it was 850 mA h g−1 for the cell with graphene-
modified separator [84]. The cycling stability of the cell with BP separator was also 
improved significantly (Figure 2.8); and (ii) modification materials should also have 
small pore sizes which are larger than Li+ but smaller than PSs ions [127-130]. For 
example: Bai et al. [83] modified separator by combination of metal-organic framework 
(MOF) and graphene oxide (GO). The electrochemical performance of the cell with 
modified MOF@GO separator was compared with the cell with only GO separator 
(Figure 2.8). Although the cell with GO separator delivered a relatively large initial 
capacity of 1000 mA h g−1, however, it exhibited rather dramatic capacity decay. In 
contrast, the cell with MOF@GO separator displayed a relatively moderate capacity 
decay up to 100 cycles with an initial capacity of 1207 mA h g−1.    
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Figure 2.8 Mechanism and performances of Li-S batteries with BP and MOF 
separators [83, 84].  
 
Even though both routes for the modification of separators are different, however, 
electrochemical performance was improved significantly after modification of the 
separators in both cases. The limited absorption ability of the BP separators and intrinsic 
mechanical brittleness of the MOF separators restricted further development of these 
materials for Li-S batteries [131, 132]. In 2017, Chang et al. [133] constructed 3-D 
hetero-layer-by-layer (h-LBL) coating structure onto the polymeric separator by 
integration of an ultra-thin layer of 2-D GOs a highly conductive 1-D MWCNT. This 
sandwiched separator offered good electron transport and physical PS-trapping 
capability with an electrostatic repulsive force toward PS species without losing the 
ability to reutilize/reactivate trapped active material. Thus, the Li–S cells fabricated 
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with sandwiched separators showed a high areal capacity (10.6 mA h cm−2) and cycling 
ability up to 200 cycles despite high loading of pure sulfur cathode (7 mg cm−2). The 
rationally designed coating layer offers a PS-trapping triple-interface: (i) the top 
MWCNT interface facing toward the cathode immediately traps PSs and 
reutilizes/reactivates the trapped active material; (ii) the inserted ultra-thin GO interface 
has carboxyl groups and tortuous migration routes, respectively, electrostatically 
repelling and extensively prolonging the migration routes of PSs.; and (iii) the bottom 
MWCNT interface that is attached onto a polypropylene membrane is the third obstacle 
to intercept the escaped PSs from the top and embedded interfaces. Additionally, the 
“buffer zones” between each layer effectively accommodate the migrating PSs [133]. 
As a result, these sandwiched separators exhibit a high electrochemical utilization, 
electrochemical performance, and an excellent rate performance even with high loading 
of sulfur cathodes. Commercial polypropylene separator was also coated with 
graphene-oxide (GO) prepared by a tap casting method [45]. This coated separator 
inhibited shuttle effect effectively due to some unique properties of the coating 
graphene-oxide materials as described here: (ⅰ) the oxygen containing functional 
groups of the GO can intercept/absorb diffused PS intermediates and effectively 
mitigate diffusion through the separator [134]; (ⅱ) the porous conductive skeleton of 
the GO serves as an additional current collector, which facilitates electron transport, 
enhances utilization of active material, and reserves sulfur species at separator-cathode 
interface [135]; and (ⅲ) commercial polypropylene films function as an electrically 
insulating membrane and a flexible substrate to support GO-coating layer on the 
cathode side [136]. However, GO modified polypropylene separator shows capacity decay 
because few PSs and Li2S2/Li2S nanoparticles anchored on the surface and inter-layers of 
GO sheets cannot be converted to sulfur for capacity contribution after long cycles. 
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From the above discussion, it is concluded that some PS absorption materials are 
unfavorable for separators due to the following reasons: (i) electron transport is limited 
inducing a higher contact resistance, which inevitably exists between the electrode surface 
and separator, and the reaction of the adsorbed PS is inhibited during the charging-
discharging process; and (ii) thickness of the coating layer is too thin to adsorb all 
produced PS ions in a large-scale energy application. Therefore, an isolated physical 
intercept separator shows a better stability than a PS absorption separator.  
Nevertheless, more possible PSs transfer inhibition mechanisms could be explored for 
application in Li-S batteries. In this PhD study, PS inhibition separator of FBN with 
functionalized carbonate (COଷଶି) group is expected to have a PS ion repelling ability 
since it was found that FBN with amino group exhibits an ion selective absorption 
property and displayed an excellent PSs absorption ability in our study. Moreover, the 
advantages of FBN with functionalized carbonate (COଷଶି) are: (ⅰ) an insulator which can 
protect the separator from lithium dendrite produced during the charge process; (ⅱ) it 
has Louis base nature which can enhance transport ability of Li+ between anode and 
cathode and further increase the rate performance of Li-S batteries; and (ⅲ) a high 
electrostatic repulsive force toward the species which can inhibit “shuttle effect”.  
2.5 PS liquid electrode  
Liquid electrodes fabricated with a current collector and soluble active materials, have 
been proved suitable for various batteries in the recent years. The concept of the liquid 
electrodes was proposed for the application of solid or gas state materials, which are 
unsuitable as electrode materials in the battery systems [137-142]. In 2008, Crabtree et 
al. [143] demonstrated a liquid electrode composed of active material stored in a solvent 
such as hydrogen in the liquid organic heterocycles for the application in fuel cells [143]. 
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This concept, however, is not suitable for the high-speed development of battery 
technology due to poor conductivity of the active molecules in solution and the limited 
applications of these electrodes as well. To make these approach viable, liquid 
electrodes composed of soluble ions were developed for battery applications. For 
examples, Weber et al. [144] reviewed a concept of redox flow batteries (RFBs) system 
including iron-chromium [137], bromine-polysulfide [138], vanadium-bromine [145] 
and so on. These RFBs systems employed liquid electrodes to achieve large numbers 
of charge-discharge cycles as well as long calendar life (longer than 10 years), high 
round-trip efficiency, and an ability to respond rapidly to changes in load or input. 
Furthermore, Wang et al. [146] developed a valence metal ion liquid cathode composed 
of lithium-iron for battery application. All of these studies suggest or propose some 
novel approaches to achieve liquid electrodes for battery systems, providing an exciting 
possibility to develop a liquid cathode for other battery systems such as Li-S batteries.   
The Li-S batteries have received ever-increasing attention in recent years because of 
their high specific capacity and energy density [112, 147-150]. An earlier study of the 
sulfur liquid cathode was prepared by dissolving sulfur and PS in a mixture solvent of 
tetrahydrofuran and toluene [17]. However, performance of this liquid cathode was 
unsatisfactory due to poor conductivity as well as shuttle effect. To overcome this 
problem, more suitable electrolyte solvent composed of 1,2-dimethoxyethane (DME) 
and 1,3-dioxolane (DOL) with a volume ratio of 1:1 was prepared to achieve higher 
conductivity from PSs ions and it is now widely used in Li-S batteries [151, 152]. It is 
understood that liquid cathode composed of only PS ions could provide several 
advantages to the system such as high conductivity with no volume change during 
cycling process.    
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This liquid cathode, however, would sacrifice capacity (theoretical capacity of 
1470 mA h g-1) which is lower than sulfur cathode (1680 mA h g-1). On the other hand, 
high conductivity and soluble characteristic of PS ions in DME/DOL electrolyte solvent 
exhibit an excellent rate performance, which is much better than sulfur cathode.  
According to the reaction mechanism of Li-S batteries, the final reaction products 
produced at the end of discharge process are considered as Li2S2/Li2S, which are 
difficult to avoid. Moreover, both products are in solid state, which provide additional 
problems such as low conductivity and shuttle effect to the Li-S system [153-155, 157]. 
However, Ding et al. [156] proved that the final product of Li2S2 is soluble in 
DME/DOL electrolyte solvent, which could bring additional advantage to the liquid PS 
ions system.  
To build Li-PS system, it is therefore necessary to develop PS storage materials. Han et 
al. [158] reported a Li-S battery with electro spun carbon nanofiber/reduced graphene 
oxide (CNF/rGO) as conductive frameworks for hosting PS liquid ions (Figure 2.9a). 
Zhou et al. [159] also presented a Li-PS system where 3D-nitrogen/sulfur co-doped 
graphene sponge used to store PS ions (Figure 2.9b). Even though both storage 
materials for PS ions demonstrate better electrochemical performance, however, both 
materials are unable to inhibit shuttle effect fully. Basically, both materials initially 
worked as Li-PS system, however, after several cycles both systems work like a 
traditional Li-S system because they produced sulfur at the end of charge [92, 112, 158-160]. 
Until now, there is no suitable material to store many PSs ions and avoid their shuttle 
transference. Furthermore, modification of the current collector for PS shuttle inhibition 
may weaken the electron transport ability of the conductors, resulting in a poor rate 
performance. On the other hand, the produced sulfur element also deteriorates rate 
performance and cycling life due to its poor electronic conductivity and volume effect, 
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respectively. Therefore, it is necessary to develop a simple model to clarify the 
possibility, mechanism and performance of the Li-PS battery system. The “shuttle effect” 
inhibition separators, which are independent from the reactions of the traditional Li-S 
battery system, are the best choice. Most importantly, perfect charge cut-off potential 
needs to be identified to avoid sulfur element production.    
 
Figure 2.9 (a) Structure, imaginary graph and performance of CNF/rGO PS electrode; 
and (b) structure, imaginary graph and performance of 3D-nitrogen/sulfur co-doped 
graphene sponge electrodes [158, 159].   
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2.6 Electrolyte  
Two types of electrolyte solvents such as carbonate ester solvents; and ether solvents 
are commonly used in Li-S batteries. There are several kinds of PSs ions produced as 
intermediate products during discharge-charge process. All of these intermediate 
products are soluble in ether solvents but insoluble in carbonate ester solvents. As a 
result, cycling stability and specific capacity of the Li-S batteries are obviously different 
in different electrolyte solvent systems. Normally, sulfur based composites prepared by 
an elevated temperature method such as Chemical Vapor Deposition (CVD) are suitable 
for the carbonate ester solvent system as an ultra-thin sulfur layer is produced on/in the 
surface/porous of the substrate materials [161]. Hence, most sulfur can react in 
carbonate ester based electrolyte with a lower solubility of the PSs, suggesting a stable 
cycle life and high Coulombic efficiency of the cells. However, low discharge-charge 
current density and low sulfur content lead to a low energy density of the Li-S batteries.   
On the other hand, when sulfur content is increased, the layer of sulfur became thicker 
which produce huge amount of insoluble PSs, providing low conductivity to the system, 
which gradually prevent internal reaction and affects discharge capacity in Li-S 
batteries. Therefore, sulfur content in the composite is generally less than 60 wt.% is 
compatible with carbonate ester electrolyte system [161].   
In the case of ether solvent-based electrolyte such as a mixture of 1, 3-dioxolane (DOL) 
and 1, 2-dimethoxyethane (DME), high solubility of PS ions leads to a higher 
conductivity to the system during discharge process. Therefore, more sulfur can react 
in an ether-based electrolyte with a higher sulfur-loading composite. This kind of 
electrolyte solvent is beneficial for obtaining a high discharge capacity and high 
discharge current density. However, cycling stability of the Li-S batteries with ether 
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electrolyte solvent is not as good as the carbonate ester electrolyte solvent because ether 
electrolyte solvent faces severe shuttle effect. Moreover, sustainable electrochemical 
dissolution reaction of PS ions is still restricted by the three phases networks of e-/S8/Li+. 
This three phases network leads a lower sulfur utilization rate when excessive sulfur 
exists in the sulfur cathode. Therefore, it is quite necessary to find out suitable materials 
and electrolyte systems to improve the performance of Li-S batteries [162]. Figure 2.10 
demonstrates the effect of different electrolyte systems and different lithium salts 
concentration on the electrochemical performance.  
In Figure 2.10a compares electrochemical performance of the two composites with 
similar sulfur contents. It is clearly observed that the Li-S battery with carbonate ester 
electrolyte solvent (PC/EC/DEC) of 1M LiPF6 exhibited very stable cycling performance 
compared to the Li-S battery with ether electrolyte solvent (DOL/DME) of 1M LiTFSI. 
However, the Li-S battery with 1M LiTFSI (DOL/DME) electrolyte was operated at a 
high current density and displayed a higher initial discharge capacity. Furthermore, 
concentration of lithium salt also plays a key role in the electrolyte system. As shown 
in Figure 2.10b, cycling stability of the cell depends on the concentration of lithium salt.  
According to these results, the Li-S batteries with a higher concentration of lithium salt 
in an ether electrolyte system exhibit a better stability but lower initial specific capacity, 
suggesting that high viscosity of the electrolyte limits the dissolution and diffusion of 
PS ions. In addition, the higher concentration of lithium salt also inhibits the growth of 
lithium dendrite formation on the surface of the lithium anode, leading to high initial 
Coulombic efficiency [163, 164].  
For developing Li-S batteries with both high initial specific capacity and better cycling stability, 
electrolyte additive was considered as an appropriate choice, and LiNO3 was proved an effective 
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additive for the LiTFSI (DOL/DME) electrolyte [165-168]. The addition of LiNO3 at a 
concentration of around 0.2~0.5M forms an undissolved nitrate-nitrite and high valence 
state sulfur compounds of Li-S-O thin layer on the surface of lithium metal anode. This 
passivation layer on the metallic lithium surface keep functioning lithium ion transport 
and prevent sulfur anion reaction. Hence, these passivation layers can suppress the 
shuttle mechanism and improve cycling stability. The addition of LiNO3 into the 
electrolyte solvent not only increase the Coulombic efficiency but also suppress the 
volatile nature of the electrolyte [165-168].  
 
Figure 2.10 Effect of different electrolytes on the performance of sulfur cathodes [63, 68].  
 
2.7 Lithium anode 
According to the reaction mechanism of Li-S batteries, lithium metal is 
unavoidable and it is commonly used on the anode side of Li-S batteries. 
Therefore, the protection of lithium metal on the anode side is important for 
the development of Li-S batteries. To protect the area of a lithium anode, 
electrolyte additives (LiNO3), ionic liquid, and solvents can be added to influence 
the lithium anode surface and the arrangement of solid electrolyte interface (SEI) film 
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[165, 169, 170]. The SEI films contribute to the stability of the anode surface structure, 
and inhibit the reaction between lithium metal and PS ions during shuttling [165, 171]. 
Moreover, surface modification by polymer, Pt, Li3N, metal, and ceramic-polymer composite 
membrane (such as LiSICON and Lipton) [172-174] can also inhibit the damage of the 
lithium anode surface from produced lithium sulfide, thereby weakening the effect of 
PS ions shuttling. Damage or loss of the modified layers during cycling process leads 
to a momentous change in the structure of lithium anode. Moreover, typical lithium 
dendrite formation in Li-ion batteries also exist in Li-S batteries during long-term 
cycling and it is difficult to avoid.  
Thus, it is important to develop anode side too of the Li-S batteries for practical 
application. Furthermore, in the actual battery systems, electrochemical properties of 
the lithium anode are crucial to achieve a high energy density of the cells.  
2.8 Binders 
At the end of discharge, most PSs are dissolved into the liquid electrolyte and produce 
reactive products of Li2S2 and/or Li2S deposited onto the cathode surface. Deposited 
Li2S2 and/or Li2S causes’ volume expansion of the active materials and leads to a 
disintegration of the conductive networks. To protect disintegration among active 
materials, conductors and binders, selection of suitable binder is very important because 
binders hold the whole electrode together during repeated cycling. In this respect, 
conventional binders such as poly (vinylidene fluoride) (PVDF) and poly (ethylene 
oxide) (PEO) cannot meet the requirements because both of these binders show 
swelling and/or gelling nature with electrolyte solvents.  
In addition, the discharge process produces an intermediate anionic PS which reacts 
with many organic polymers. For example, a ball milled slurry prepared with poly 
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(vinylidene fluoride-coexafluoropropene) (PVDF-HFP) in acetonitrile solvent release 
a strong ordour of thiols, which is attributed to a possible reaction between elemental 
sulfur and PVDF-HFP molecules [175]. Normally, sulfur and PS react with polymers 
including carbon-carbon double bonds such as natural and synthetic rubber. Therefore, 
a qualified binder, which will not swell or gel with liquid electrolyte and will remain 
chemically stable against intermediate anionic PS is required for the cathode 
development of Li-S batteries.  
In summary, low charge speed, low sulfur utilization and specific capacity decay are 
identified as main problems with traditional Li-S batteries because of low conductivity 
of sulfur element, well-known “shuttle effect” and large volume effect. According to 
the functional structure of Li-S batteries, the development of cathode and separators 
promise great opportunities to solve these problems. For example, graphene with high 
electronic conductivity can be considered as an excellent choice to achieve fast charge 
of the Li-S batteries. Functionalized materials such as FBN (amino) and FBN 
(carbonate) could have potential to inhibit shuttle of PS ions. In addition, novel PS 
liquid cathode system has a fantastic opportunity to deliver new reaction mechanism to 
achieve and enhance cycling stability, specific capacity, and fast charge performance.  
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Chapter 3 Characterization, testing techniques and preparation methods 
3.1 Characterizations techniques 
3.1.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is used in this work to examine crystalline structures in the 
material samples. The working principle of the XRD analysis is based on the interaction 
of the X-ray beam with atomic planes of the material. When the incident X-ray beam 
interacts with a long-range, ordered atoms, X-rays are diffracted from the atomic planes 
by the electrons according to the Bragg’s law as shown in Figure 3.1 
2d sin θ = nλ                                                                                                                         (3.1) 
Herein, d is the lattice spacing of atomic planes, θ is the angle of incident X-ray, n is 
n is the order of reflection, and λ is the wavelength of the X-ray used. 
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Figure 3.1 Bragg diffraction schematic diagram. 
 
The interplanar spacing of d can be calculated from the above formula after measuring the 
diffraction angles.   
3.1.2 Scanning electron microscopy (SEM) 
SEM is one kind of material analysis approach which uses a very fine focused high-
energy electron beam to scan the sample and collect a variety of physical information. 
The surface morphology of the test specimen is observed by this method. The schematic 
diagram of SEM is shown in Figure 3.2. 
 
Figure 3.2 Schematic diagram of SEM 
 
When a beam of high-energy electrons is scanning the sample surface, the secondary 
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electrons, Auger electrons, characteristic X-ray, continuous spectrum of X-ray, 
backscattered electron, transmission electron, visible light, ultraviolet and infrared will 
be produced in the excited area. At the same time, the electron-hole pair, the lattice 
vibration (phonon) and the electronic oscillation (plasma) can be also produced. 
Backscattered electron 
A backscattered electron is a part of the incident electron which is reflected by a solid 
sample atom, including an elastic back and an inelastic back reflection electron. The 
elastic back reflected electrons are the electrons coming back from the multiple samples, 
and the incident electrons with a scattering angle larger than 90 degrees. The energy of 
the elastic back reflected electrons is basically unchanged. The inelastic back reflected 
electrons are produced by the inelastic scattering between the incident electron and the 
external electron. The energy of the inelastic back reflected electrons is not only 
changed, but also the direction changed. The number of elastic back reflected electrons 
is much more than the inelastic back reflection electron.  
Secondary electrons 
The secondary electrons are produced when an outside nuclear electron bombarded by 
an incident electron. Because the binding energy between the nucleus and the valence 
electrons is very small, the valence electrons of atoms can be separated from the atom 
into a free electron after getting the energy larger than the corresponding binding energy 
from the incident electron. If the scattering process occurs near the surface of the sample, 
the free electrons can escape from the surface of the sample to vacuum. These free 
electrons are called the secondary electrons. 
Characteristic X-ray 
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The characteristic X-ray is one kind of electromagnetic radiation with characteristic 
energy and wavelength, which is released directly in the energy level transition process 
after the internal electrons of the atom are excited. X-rays are usually emitted in the 
500 nm-5 mm depth of the sample.  
Auger electron 
If the energy released from the electron energy level transition in the atomic layer is not 
released as X-rays, another electron outside the nucleus will be excited by this energy 
and become the secondary electrons. This secondary electron is called Auger electrons. 
As each atom has its own specific shell energy, their Auger electron energy also has its 
own eigenvalues, and the energy is within the range of 50-1500 eV. The number of 
secondary electrons and electron beam incident angle is related to the surface structure 
of the sample during testing. The image is a stereoscopic image, reflecting the surface 
structure of the specimen. In order to emit secondary electrons on the surface of the 
specimen, a layer of heavy metal particles must be sprayed on the specimen after being 
fixed and dehydrated. The heavy metals emit secondary electronic signals under the 
bombardment of the electron beam.  
In principle, information of the materials including morphology, composition, crystal 
structure, electronic structure, and internal electric field or magnetic field can be 
collected by detecting the interaction between electrons and matter. SEM collects this 
information by using different information detectors and make the selection detection 
possible. The information about the microscopic appearance of the related substances 
can be collected by detecting the secondary electrons and backscattered electrons. The 
information of chemical composition of the material can be collected by detecting 
characteristic X-rays. Therefore, different applications of SEM can be accorded to the 
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different needs. 
3.1.3 Raman spectroscopy 
The elastic scattering and inelastic scattering of light are always occurred on materials. 
The scattering light of elastic scattering is the same component as the excitation 
wavelength. The scattered light of inelastic scattering has longer and shorter 
components than the excited light wave. This phenomenon is generally called the 
Raman Effect. 
When the monochromatic light with a much smaller wavelength than that of a sample 
is irradiated on the sample, most of the light will be transmitted in the original direction 
and a small part of the light will be scattered at different angles to produce scattered 
light. In vertical direction observation, part of the scattering light which called Rayleigh 
scattering with the same frequency as the original incident light, and part of the 
scattering light shift from the incident light frequency. This phenomenon is also called 
the Raman Effect. The number of Raman lines, the size of the displacement, and the 
length of the spectral lines are directly related to the vibration of the sample molecules 
or the rotational energy levels. Therefore, similar to the infrared absorption spectrum, 
the study of Raman spectra can also obtain information about the vibration or rotation 
of the molecules.  
The Raman scattering spectrum exhibits obvious characteristics of (ⅰ) Raman scattering 
line varies with the wave number of incident light, but for the same sample, the 
displacement of the same Raman spectrum is independent of the wavelength of incident 
light. The displacement of the same Raman spectrum is only depending on the 
vibrational-rotational level of the sample; (ⅱ) The stokes line and the anti-stokes line 
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are symmetrically distributed on both sides of the Rayleigh ray in the Raman spectrum 
with wave number as the variable; and (ⅲ) The stokes line is stronger than the anti-
stokes line, generally. This is due to the Boltzmann distribution, and the number of 
particles in the vibrational ground state is much greater than the number of particles in 
the vibrationally excited state. 
3.1.4 Brunauer-Emmett-Teller (BET) 
Based on the single molecule adsorption model of Langmuir's theory, the BET theory 
extends to the case of multilayer adsorption based on the following three hypotheses: 
(ⅰ) Gas molecules can adsorb innumerable layers of solids; (ⅱ) There is no interaction 
between the layers of the adsorbed; and (iii) Langmuir adsorption theory is established 
for each single molecular layer. The resulting BET adsorption isotherm is as follows: 
ଵ
௩[ቀುబು ቁିଵ]
= ௖ିଵ
௩೘௖
ቀ ௉
௉బ
ቁ + ଵ
௩೘௖
                                                                                                   (3.2)  
Here, 𝑃, 𝑃଴, 𝑣, and 𝑣௠ are equilibrium pressure, saturated vapor pressure, equilibrium 
gas adsorption capacity, and single-layer saturated adsorption capacity, respectively; 
and c is known as BET constant. In constant temperature situation (liquid nitrogen is 
always used to create a constant temperature situation), the relation between ଵ
௩[ቀುబು ቁିଵ]
 
and ௉
௉బ
 is linear. Therefore, single-layer saturated adsorption capacity can be calculated 
by the equation 3.2.  
3.1.5 Ultraviolet visible absorption spectroscopy (UV) 
In the organic compounds, there is an σ electron forming a single bond, a π electron 
forming a double bond, and a un bonded pair of n electrons. When a molecule absorbs 
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the radiation energy of a certain energy, these electrons will jump to a higher energy 
level. The orbit which was occupied by electrons is called an anti-bonding orbital during 
this transition, and this electron transition is closely related to the internal structure. 
In the ultraviolet absorption spectrum, there are four types of electron transition: 
𝜎 → 𝜎∗, 𝑛 → 𝜎∗ , 𝜋 → 𝜋∗ and 𝑛 → 𝜋∗. 
The UV absorption spectrum is a band spectrum, and some absorption bands have been 
identified, including K band, R band, B band, E1 and E2 band. When two or more than 
two 𝜋 bond conjugates in the K band, the result of the transition of the 𝜋 electrons to 
the anti-bond orbit of the 𝜋∗ can be simply expressed as 𝜋 → 𝜋∗. 
The R band is the result of the transition from the lone pair electrons of the n electrons 
to the 𝜋∗ anti-bond orbital, which is connected to the double bonds, such as C = O, 
C = N, S = O, etc., and can be simply expressed as 𝑛 → 𝜋∗. 
The E1 band and the E2 band are the results of the transition of the 𝜋 electrons to the 
anti-bond orbit in the three double-bonds conjugated systems on the benzene ring, 
which can be simply expressed as 𝜋 → 𝜋∗ . The B band is also caused by the 
overlapping of the 𝜋 → 𝜋∗ transition of the three double-bonds conjugated systems on 
the benzene ring and the overlapping of the vibrational phase of the benzene ring, but 
the intensity of the absorption band is weak. 
Similar to the visible light absorption spectrum, the relationship between absorbance 
and material concentration at the selected wavelengths in ultraviolet absorption 
spectrum can also be described by the law of absorption of light, namely Lambert Bill 
law. 
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A = log ൬
𝐼଴
𝐼
൰ = 𝜀 𝑏𝑐                                                                                                              (3.3) 
Here, A is a solution absorbance, 𝐼଴ is incident light intensity, 𝐼 is transmission light 
intensity, 𝜀  is the molar absorption coefficient of the solution, b is the solution 
thickness, and c is the solution concentration. 
3.1.6 Zeta potential 
Because the charged particles on the surface of the dispersed particles attract the 
surrounding counter ions, these counter ions distribution diffused at the two-phase 
interface and form a diffusion double layer. According to the Stern double layer theory, 
the double layer can be divided into the Stern layer and the diffusion layer. The Stern 
layer is defined as a plane layer consisting of a layer of ion (IHP or OHP) charge center 
adsorbed on the surface of the electrode. The potential of the plane surface relative to a 
point far away from the interface is called the Stern potential. Stable layer (stationary 
layer) (including the Stern layer, the sliding surface slipping part of the plane diffusion 
layer and diffusion layer) in dispersion medium moves relatively to the interface sliding 
surface (slipping plane), the potential of a point away from the fluid interface is called 
zeta potential or electric potential (zeta potential), which is a continuous phase and 
potential difference between stable layer in the attached fluid on the particle dispersion. 
It can be directly measured by the electric phenomenon. 
3.2 Electrochemical characterization 
3.2.1 Electrode preparation and coin-cell assembly for Li-S batteries 
Fabrication of FBN/Graphene interlayers 
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To prepare interlayer slurry for the sulfur cathode, a mixture of 10~50 wt.% FBN 
(amino), 83~43 wt.% graphene and 7 wt.% PVDF (polyvinyldenefluoride) was blended 
in a solvent of N-Methyl-2 pyrrolidone (NMP) (Sigma Aldrich). The slurry was coated 
onto the base surface of the sulfur electrode and dried in an air oven for 24 h at 60°C.  
Preparation of sandwich like Graphene/Sulfur electrodes (SGSE) 
The sandwich-like Graphene/Sulphur electrode was prepared according to Guangmin 
Zhou’s idea [1]. A mixture of 12 wt.% high porous graphene (graphene-supermarket, 
USA), 8 wt.% high surface graphene (graphene-supermarket, USA) and 80 wt.% sulfur 
was hand grounded for 2 h followed by a heat treatment at 300 ℃ in an airtight 
container for 24 h. Heat treated sample was mixed with super P LiTM (Timcal Ltd.) and 
PVDF (in a weight ratio of 80:15:5) in NMP solution and was stirred for 24 h to form a 
homogeneous slurry. The slurry was then coated onto a carbon coated aluminum foil 
substrate by using a 150 μm spreader and heated in an air oven at 60 °C for 24 h. These 
base electrodes were furthered coated with a graphene layer prepared by a mixture of 
graphene (supplied by Wenzhou University) and PVDF (in a weight ratio of 95:5) in 
NMP solution. The electrodes were further dried in an air oven at 60°C for 24 h. All 
Graphene/Sulphur electrodes were cut into a circular size. 
Assembly of coin-cell   
The electrochemical half cells were assembled in an Ar-filled glove box (< 1 ppm of 
H2O; < 2 ppm of O2) (Innovative Technology, USA). CR 2025 coin cells were 
assembled with sulfur cathodes, electrolytes, separators and lithium metal foils anode  
according to the stacking procedure described in Figure 2.1 (Chapter 2). The electrolyte 
was 1M LiTFSI (Sigma Aldrich), a mixture of 1, 2-dimethoxyethane (Sigma Aldrich) 
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and 1, 3-dioxolane (Sigma Aldrich) with a 1:1 volume ratio.  
Calculation of specific capacity: 
The specific capacity calculation of Li-S batteries is according to the content of sulfur 
element (active material) in the electrode. The calculation equation is as followed: 
C୐୧ିୗ =
୕౪
୫౩
                                                         (3.4) 
Herein, C୐୧ିୗ is the specific capacity of batteries, Q୲ is the total quantity of electricity 
during testing (include charge and discharge and the unit is mA h) and mୱ is the mass 
of sulfur element in the electrode. 
On the other hand, the specific capacity calculation of Li-PS cells is according to 
the S଼ଶି ions (active material) concentration of PSs solution. The mass of S଼ଶି ions in 
PSs solution and the specific capacity of Li-PS cells are calculated as followed: 
m୔ୗ = C୔ୗVMୗఴమష                                                   (3.5) 
C୐୧ି୔ =
୕౪
୫ౌ౏
                                                       (3.6) 
Herein, m୔ୗ  is the mass of sulfur element in the cathode side, C୔ୗ  is the 
concentration of S଼ଶି ions in the PSs solution, V is the added volume of PSs solution, 
Mୗఴమష is the molar mass of S଼
ଶିions. C୐୧ି୔  is the specific capacity of Li-PS cells and 
Q୲ is the total quantity of electricity during testing (include charge and discharge and 
the unit is mA h). 
3.2.2 Electrode preparation and coin-cell assembly for Li-PS batteries 
Preparation of current collectors  
The current collector was prepared by mixing 90 wt.% of porous graphene (graphene 
supermarket), 5 wt.% of carbon black (Super P) and 5 wt.% of PVDF (Sigma-Aldrich) 
binder in an NMP (Sigma-Aldrich) solution. The slurry was coated on an aluminum foil 
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and dried in a vacuum oven under 100 ℃ for 24 h. The current collector was cut to 1.5-
cm diameter pieces with a 5-mm diameter hole at the middle of these pieces.  
Cell assembly  
The CR2032 coin casing with a 5-mm diameter hole at the middle of the cathode side 
were used to assemble Li-PS cells. The cells were stacked with current collector with 
5-mm diameter hole at the middle, separators, and lithium metal foils anode. PS 
solutions were injected into cells through the 5-mm diameter hole at the cathode. This 
hole was sealed up with a silica gel slice, vacuum silicone grease and carbon tape after 
injection of PS solution.  
XRD samples preparation: 
The XRD samples of FBN was prepared by collecting the FBN (amino) powder from 
the PSs solution and the electrolyte with 5 wt.% LiNO3. Herein, the FBN (amino) 
sample collected from the electrolyte with 5 wt.% LiNO3 was used as a contrast sample 
because of the large background of self-made air-tight glass sample holder. 
SEM samples preparation: 
SEM samples of BN powders were prepared by scattering different BN powders into 
ethanol liquid. Then several drops of collected BN/ethanol liquid were dropped on a 
silicon slice and coated with carbon after drying in air. The BN powders include FBN 
(amino), porous BN powder commercial BN powder.  
The surface SEM samples of the interlayers were prepared by cutting electrodes with 
interlayer in to 5mm×5mm slices, then stuck on the SEM holder with carbon taps. 
The cross-section SEM samples of the interlayers were prepared by keeping the 
electrodes with interlayer in liquid nitrogen for 10 min. The electrodes were broken off 
in liquid nitrogen and then the collected slices of electrodes were stuck on the SEM 
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holder with carbon taps. 
The surface SEM samples of the separators were prepared by cutting FBN separators 
in to 5mm×5mm slices, then stuck on the SEM holder with carbon taps. 
The cross-section SEM samples of the separators were prepared by keeping the FBN 
separators in liquid nitrogen for 20 min. The FBN separators were broken off in liquid 
nitrogen and then the collected slices of electrodes were stuck on the SEM holder with 
carbon taps. The samples of separators were then coated with carbon. 
Ultraviolet visible absorption spectroscopy (UV) samples preparation: 
The PSs solutions mixed with BN powders were collected in an argon glovebox after 
7200 rpm centrifugation. Then the collected PSs solutions and original PSs solution 
were placed into an airtight quartz cuvette in an argon glovebox for UV test. 
3.2.3 Galvanostatic charge-dischagre 
In order to evaluate the electrochemical performnace of Li-S and Li-PS cells, a series 
of charge/discharge tests were carried out under constant and/or various current 
densities within a variable and/or fixed potential window. A computer controlled 
electrochemical workstation (Land Battery Testing System, Wuhan Land Electronics 
Co Ltd., China) was used to achieve galvanoctation charge-dischagre profiles. The data 
were collected using LANDdt software. The Coulombic efficiency, rate capability, and 
cycling stability of the electrodes were measured from galvanostatic charge-dischagre 
profiles.  
3.2.4 Cyclic voltammetry (CV) 
Cyclic voltammetry (CV) is a common electrochemical analysis method. The different 
reduction and oxidation reactions on the electrode are recorded as current vs potential 
curves within a fixed potential range. A wide range of parameters such as reversibility 
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of the electrode reaction, intermediate products, phase boundary adsorption, formation 
of new phases and coupling chemical reaction can be determined by analyzing the shape 
of the CV curves. Commonly, CV is used for the determination of redox reaction in the 
electrode materials at various scan rates. In addition, CV can also be used for 
quantitative determination of the concentration of reactants, coverage of adsorbent on 
the electrode surface or active area of the electrode, electrode reaction rate constant, 
exchange current density, transfer coefficient of reaction and other kinetic parameters. 
CV testing is employed by following Randles-Sevick equation which can be described 
as followed: 
I୮ = 2.69 × 10ହnଵ.ହAD଴.ହCv଴.ହ                                                (3.7) 
Herein, Ip (A) is the peak current, n signifies the number of electrons in the reaction, 
A (cm2) is the reactive area, C (mol mL-1) means the ion concentration in the electrolyte, 
and v attitudes to the scanning rate (V s-1) 
The different scanning speed of CV leads different peak currents and the diffusion 
coefficient can be calculated after plotting a Ip vs v chart. 
In this PhD thesis, Ivium-n-stat electrochemical analyser (Ivium Technology, the 
Netherlands) and A 1470E cell test system (Solatron, England) were frequently used 
for CV analysis of the electrodes.  
3.2.5 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is an electrochemical measurement 
method, which analyses electrode kinetics, processes of electrolyte, passivation layers, 
charge transfer at the electrode-electrolyte interface and ions diffusion as well. The 
kinetics of a reaction can be explained from the radius of a semicircle presented in the 
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Nyquist plot. The smaller the radius, lower the charge transfer resistance and hence 
there is fast diffusion of ions, larger the radius of semicircle the diffusion of ions is slow. 
The typical curve for the cells is one or two semicircle along with a line having a slope 
of 45◦ which is called the Warburg impedance. The equivalent circuit of the cell can be 
drawn from the characteristics of the EIS curve. The EIS curve can be obtained by 
applying a sinusoidal wave of 5 mv between a frequency ranges of 1000 kHz to 0.01 
Hz. 
One example of the Nyquits plot and equivalent electrical circuit at the frequency range 
of 1000 kHz to 0.01 Hz is showed in Figure 3.3. In this figure, both R1 and R2 were 
resistances and CPE1 was constant angle element. The value of all these elements were 
assigned as 1 and showed a perfect semicircle.  
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Figure 3.3 the Nyquits plot of electrochemical impedance spectroscopy and the 
equivalent electrical circuit. 
In this PhD thesis, Ivium-n-stat electrochemical analyser (Ivium Technology, the 
Netherlands) and A 1470E cell test system (Solatron, England) were frequently used 
for EIS analysis of the electrodes.    
  
71 
 
3.3 References 
[1] G. Zhou, S. Pei, L. Li, D. W. Wang, S. Wang, K. Huang, L. C. Yin, F. Li, H. M. 
Cheng, Adv. Mater. 2014, 26, 625. 
  
72 
 
Chapter 4 Functionalized boron nitride nanosheets/graphene interlayers 
4.1 Introduction 
The development of energy-storage systems with high power density, long cycle life, 
high efficiency, and low cost is critical for transportation, grid storage, electric vehicles, 
and advanced portable electronics applications [1]. Among the current battery systems, 
lithium–sulfur (Li–S) batteries are attractive candidates for serving as next generation 
batteries of high energy density. It has been developed since 1940s due to its high energy 
density performance (2600 W h kg−1), and a higher specific capacity (1675 mA h g−1) 
based on the electrochemical reaction of 16 Li + S8 → 8Li2S [2]. However, the 
dissolution of intermediate products formed during the charge/discharge process, the so-
called shuttle effect, causes severe capacity decay and lower Coulombic efficiency of the 
batteries [3, 4]. A variety of strategies have been tried to solve the shuttle effect issues, 
including fabrication of carbon–sulfur composites [5], surface modification of 
conducting polymers [6, 7], and the modifications of electrolyte [8]. Although these 
approaches lead improved electrical conductivity, cyclability, and capacity, however, 
there are still some challenging issues such as ~ 20% polysulfide (PS) leaking into 
electrolyte, fast capacity decay in subsequent cycles, and a low lithium ion conductivity 
in modified electrolytes and their stability. More recently, introducing an interlayer 
between the sulfur cathode and separator, such as a carbon paper [9], carbonized 
eggshell membrane [10], carbon nanotube paper [11], and an acetylene black mesh [12] 
has been developed for the absorption of soluble PS and reuse of the absorbed active 
material. Even though this strategy significantly enhances both rate performance and 
cycling life of the batteries, however, complexity of the interlayer preparation, weak 
interaction between interlayer and polar PS anions, and unacceptable thickness and 
heavy mass of the interlayer affect the Li–S cell’s performance significantly. Therefore, 
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development of a new lightweight interlayer that can not only increase the electronic 
conductivity but also can alleviate PS transport from anode to cathode, is a significant 
challenge. Boron nitride nanosheets (BNNS), isoelectronic with graphene, have been 
proven to promise a wide range of applications such as field nanoemitters, 
nanoelectronics, and composite reinforcement due to its many remarkable properties 
including extremely high resistance to oxidation and good chemical inertness, electrical 
insulating, high surface area, high thermal conductivity, and stability [13–19]. In addition, 
innovative adsorptive applications in hydrogen storage, and the adsorption of dyes, 
proteins, organic solvents, metal ions, and oils have been explored with BNNSs due to 
the strong electrostatic attraction and noncovalent interaction. Very recently, 
functionalized BNNS (FBN) with positively charged amino groups have been prepared 
by a solid-state ball milling method [20]. The positively charged amino groups with 
BNNSs make them attractive for solving certain problems in Li–S batteries in which 
PS anions can be trapped by these positively charged surface and easily released during 
discharging and charging processes, respectively. Hence, this material has a great 
potential for the development of interlayer for Li–S batteries. In this PhD study, a thin 
and selective interlayer to decrease the charge transfer resistance and alleviate PS 
diffusion, simply by coating the surface of a carbon nanotube/sulfur (CNT/S) cathode 
with a thin film of FBN/graphene (G) composite have been developed [21] and results 
are discussed in this Chapter.  The fabricated FBN/G film (interlayer) is light in weight 
(~ 6 wt.% of the whole cathode), which effectively decreases charge transfer resistance, 
entraps PS on cathode surface, and exhibits ultrahigh cycling stabilities as compared to 
the batteries without any interlayer. The interlayers suppress PS shuttle, leading to a 
low capacity degradation rate of 0.0067% and 0.0037% per cycle, measured over 
1000 cycles at current densities of 1 and 3C, respectively.  
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4.2 Experimental  
Functionalization of boron nitride nanosheets with amino groups 
The amino-functionalized boron nitride was produced according to the procedure 
reported previously [20]. In a typical synthesis, h-BN (Momentive Performance 
Materials Inc.) and urea (Sigma-Aldrich) were mixed together with a weight ratio of 
1:60 inside a steel milling container. The mixture was milled by a planetary ball mill 
(Pulverisette 7, Fritsch) at a rotation speed of 700 rpm for 20 h at room temperature 
under nitrogen atmosphere. Such a high rotation speed provides high power and 
effective exfoliation of h-BN on a large scale. The variations in the weight ratio (1:20 
and 1:100) and milling time (10 and 30 h) were also investigated. The collected sample 
is denoted as FBN (amino).  
Preparation of CNT/S cathode  
The CNT/S composite were prepared by a melt-diffusion strategy. In a typical 
procedure, CNT (offered by Nanomaterials and Chemistry Key Laboratory, Wenzhou 
University, Wenzhou, China) and sulfur (high purity sulfur, 99.99% metal basis, 
Aladdin) were mixed. The mixture powder was grounded and heated in an oven at 
160°C for 12 h, followed by further heating at 180°C 12h. The cathode was prepared 
by mixing collected CNT/S composite, super P Li and PVDF with a mass ratio of 8:1:1 
in solvent of 1-Methyl-2-pyrrolidinone (NMP,) and slurry was then coated on an 
aluminum foil by a 150 μm slicker. These coated electrodes were dried at 80°C for 12 h.  
Fabrication of FBN/Graphene interlayer electrode 
To prepare interlayer slurry for the sulfur cathode, a mixture of 10~50 wt.% FBN 
(amino), 83~43 wt.% graphene and 7 wt.% PVDF (polyvinyldenefluoride) was blended 
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in a solvent of N-Methyl-2 pyrrolidone (NMP) (Sigma Aldrich). The slurry was coated 
onto the base surface of the sulfur electrode and dried in an air oven for 24 h at 60°C. 
Boron nitride adsorption characterization  
Porous boron nitride (PBN) [19] and commercial boron nitride powder (CBN) were 
used as reference. The microstructure of the samples was examined using scanning 
electron microscopy (SEM, Carl Zeiss Supra 55 VP Instrument). Brunauer–Emmett–
Teller surface area measurements were carried out with a volumetric sorption analyzer 
using physical adsorption/desorption of nitrogen gas at the liquid-nitrogen temperature. 
Pore size distributions were calculated according to the Barrett–Joyner–Halenda 
method. Micropore surface area and volume were estimated by the t-plot method. 2 mg 
of each kind of boron nitride was mixed with 2 mL of PS solution in an argon glovebox 
and then the boron nitride powder was centrifuged out with a rotation speed of 7200 rpm 
in 30 min. Separated solution was transferred into an airtight container inside glovebox 
and an airtight quartz cell was used for UV absorption spectroscopy measurement. The 
maximum adsorption quantity of FBN was calculated by Langmuir function. The 
separated solid was examined by XRD and Raman spectroscopy using a self-made 
airtight holder, respectively.   
Ion-selective adsorption characterization 
0.001M CuCl2 and K2MnO4 DME/DOL (1:1) solutions were mixed with FBN in an 
argon-filled glove box, and FBN sample was centrifuged out with 7200 rpm in 30 min. 
All separated solution was transferred into an airtight quartz cell for UV absorption 
spectroscopy measurement.  
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4.3 Results and discussion 
The configuration of the Li–S cell with a FBN/G interlayer is displayed in Figure 4.1a. 
The thin and lightweight interlayer is overlaid on the cathode surface via coating with 
a FBN/G film, where FBN accounted for 40 wt.% of the hybrid layer and CNT/S 
cathode composite used as a host material [21]. The scanning electron microscopy 
(SEM) image in Figure 4.1b shows a cross section of the uniform interlayer structure 
with ≈1 µm in thickness. The FBNs mix with graphene sheets homogeneously as shown 
by the SEM image taken from the interlayer surface (Figure 4.1c). The small FBNs 
exhibit abundant surfaces and edges, which offer a large density of absorption sites for 
trapping PS anions during cycling. The SEM images in Figure 4.1c and d also reveal 
large sized graphene flakes, about 50 times larger than FBNs. 
 
Figure 4.1 Structure of electrodes. a) Schematic configuration of a Li–S cell with a 
FBN/G interlayer. b) SEM image of cross section of FBN/G interlayer and cathode. c) 
SEM image of the surface of a FBN/G interlayer. d) SEM image of the surface of a pure 
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graphene.  
 
To evaluate electrochemical performance, the Li–S cells were galvanostatically charge-
discharge in the voltage range of 1.6-2.8V. Figure 4.2a compares rate performance of 
the cells with FBN/G interlayer of different content of FBN and cell without interlayer. 
The initial discharge capacity of the cells is increased with increasing the content of 
FBN at a low current density of 0.2C and capacities were measured to be 800 mA h g−1 
for 10 wt.% FBN; 950 mA h g−1 for 20 wt.% FBN; 1000 mA h g−1 for 30 wt.% FBN; 
1100 mA h g−1 for 40 wt.% FBN; and 1100 mA h g−1 for 50 wt.% FBN, respectively. 
The interlayer with 40 wt.% of FBN exhibits the best rate capabilities among all 
interlayers. The rate capabilities of the cells with 40 wt.% of FBN/interlayer and 
without interlayer were further investigated (Figure 4.2b). The cell without interlayer 
suffers from obvious capacity decay. The capacity retention was only 20% when rate 
was increased from 0.2 to 6C. In contrast, the cell with 40 wt.% of FBN/interlayer 
exhibits a superior high-rate capability and capacities were measured to be 1125, 881, 777, 
and 668 mA h g−1 at current rates of 0.2, 0.5, 1, and 2C, respectively. Even at a high current 
rate of 6 C (10080 mA g−1), the cell still exhibits a high capacity of 556 mA h g−1 and a 
high Coulombic efficiency of 98.4%, indicating a remarkably improved high-rate 
capability. When the current rate was brought back to 0.2C, a capacity of 912 mA h g−1 
can be recovered, showing a high capacity retention. Corresponding discharge/charge 
voltage profiles obtained at different C rates for the selected cycles (1st, 5th, 10th,15th, 
and 20th) are shown in Figure 4.2c and Figure 4.2d. All the discharge curves of the cells 
with and without FBN/G interlayers demonstrate two distinct plateaus at lower rates of 
0.2 and 0.5C, corresponding to the conversion of S to long-chain lithium polysulfides, 
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and the subsequent formation of solid-state discharge products of lithium sulfides, 
which are typically observed in Li–S batteries with carbon/sulfur cathodes. The charge 
plateau at higher rates such as 4C is not obvious for the cell without the interlayer. In 
contrast, the cell with FBN/G interlayer still exhibits clear two plateaus, indicating a 
remarkably improved high-rate capability.  
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Figure 4.2 Rate performance of the cells: a) Rate performance of the cells with 10% ~ 
50% FBN/G interlayer and without interlayer. b) Comparison of rate performance 
between cells with 40 wt.% of FBN/G interlayer and without interlayer. c) The charge 
and discharge curves of the Li–S cells with a FBN/G interlayer at 0.2, 0.5, 1, 2, and 4C. 
d) The charge and discharge curve of the Li-S cells without interlayer at 0.2, 0.5, 1, 2, 
and 4C.  
 
To compare long cycling performance, the cells with and without an FBN/G interlayer 
were charged and discharged at 1 and 3C over 1000 cycles, respectively (Figure 4.3a). 
The C rates specified in this study are based on the mass and theoretical capacity of 
sulfur (1C = 1675 mA g−1, 3C = 5025 mA g−1). The cell without an interlayer exhibits a 
rather dramatic capacity decay and it was decreased to 568, 400, 325, and 278 mA h g−1 at 
the end of 100th, 300th, 600th, and 1000th cycles, respectively. The capacity retention 
rate is only ≈ 48%, which is a typical result due to the shuttle effect. In contrast, the 
initial discharge capacity of the cell with a FBN/G interlayer is measured to be about 
1100 mA h g−1 (specific energy density 2500 W h kg−1), followed by a moderate drop 
until 100th cycle. The capacity drop during the first 100 cycles can be ascribed to an 
activation process, which is necessary in Li-S batteries [22]. After that, the cycling 
performance of the cell with FBN/G interlayer exhibits a very stable capacity and a high 
Coulombic efficiency. The capacity above 700 mA h g−1 (specific energy density 
1440 W h kg−1) at 1 C rate with an average Columbic efficiency of 99.2% was 
maintained after 1000 cycles, which is corresponding to an average capacity decay rate 
only 0.0067% per cycle. The enhanced electrochemical performance of the Li–S cell 
with a FBN/G interlayer was also evaluated at a higher current of 3C (5025 mA g−1) 
(Figure 4.3a). The cycling performance is fairly stable from the 100 cycles up to the 
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1000 cycles, and retains a capacity of 558 mA h g−1. 
In addition, the enhanced cycling stability of the cells with FBN/G interlayers is also 
reflected in the charge–discharge curves (Figure 4.3b). The galvanotactic 
charge/discharge behaviors of the cells with and without the FBN/G interlayer at 3C are 
consistent with the typical charge/discharge profiles of the Li–S batteries (Figure 4.3b and 
Figure 4.3c), corresponding to a two-stage reduction of elemental sulfur to lithium 
polysulfides (Li2S4–8) and then to Li2S2/Li2S, respectively. Discharge curves of the cell 
with FBN/G interlayer obtained at a higher current (3C) still clearly contain two 
plateaus at the 250th and 500th cycles, indicating that the electrochemical reactions at 
higher charge/discharge rates follow the processes similar to those occurring at lower 
rates (e.g., 1C) (Figure 4.3b). In contrast, the discharge curves of the cell without 
interlayer are different and unable to maintain its typical features (Figure 4.3c).   
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Figure 4.3 Long cycle performance of the cells. a) Cycling stability of a cell with 
FBN/G interlayer and without an interlayer at 1C and 3C. b) The charge and discharge 
curves of the Li–S cell with a FBN/G interlayer in 1st, 250th, and 500th cycles. c) The 
charge and discharge curve of Li-S cell without interlayer in 1st, 250th and 500th cycles.  
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To further evaluate the electrochemical performance between cells without interlayer 
and with FBN/G interlayer, cyclic voltammograms were carried out on the cells after 
cycling at a scan rate of 0.01 mV s−1 in the voltage window of 2.8-1.6 V (Figure 4.4). 
The cathodic/anodic scans of the cells without interlayer exhibits high intensity redox 
peaks in the initial cycle. The intensities of the redox peaks slowly decrease with 
increasing cycle numbers, suggesting that long-plateau in the discharge-charge profiles 
decreases with increasing cycling and eventually become sloppy. In contrast, the cell 
with 40% of FBN/G interlayer maintains good intensities of the redox peaks even with 
increasing cycle numbers. These results are well consistence with the charge-discharge 
curves depicted in Figure 4.3b and c. 
 
Figure 4.4 Cyclic voltammogram of the cycled cells without and with FBN/G interlayer.   
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To reveal the function of the FBN/G interlayer in the cell, the adsorption behavior of 
PS by various BN materials including commercial BN powder (CBN), porous BN 
(PBN), and amino-functionalized BN nanosheets (FBNs) were investigated. SEM 
images (Figure 4.5) show that the commercial h-BN powder has the particles with the 
size in the range of 2–10 µm and are stacked together (Figure 4.5a). The PBNs exhibit 
a porous nanosheet structure and FBNs have a fluffy and lamellar morphology, 
respectively (Figure 4.5b, c). The PBNs exhibit the highest surface area among them, 
up to 1427 m2 g−1.  
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Figure 4.5 SEM images of a) CBN, b) PBN and c) FBN. 
 
The PS adsorption of different BN materials was analyzed with a UV spectroscopy 
(Figure 4.6a). The full scanning range of wavelength from 200 to 800 nm displays only 
peaks between 200 and 300 nm that is associated with a high degree of polymerization 
PS (S଼ଶି ) ions. Comparing the peak intensities of PS (S଼ଶି ) ions for different BN 
materials in this range, the peaks for CBN and PS are at the same position after 
adsorption, which indicates that CBN does not adsorb any PS due to the large particle 
size and small surface area, as well as unfunctionalized surfaces. The peaks of PS (S଼ଶି) 
ions for PBN becomes weaker than PS, suggesting that the PBN can absorb some PS 
due to its nanosheet structure and the high surface area. It is notable that the peaks of 
PS (S଼ଶି) ions disappeared almost for FBN indicating that FBN absorbs most of PS ions 
in the solution. Compared with CBN and PBN, FBN has a medium surface area but 
many positive functional groups (NH2) attached on the surface and edges. It seems that 
the positive functional groups (NH2) play an important role for the adsorption of PS 
(S଼ଶି) ions. In addition, the color contrast photos of PS, CBN, PBN, and FBN further 
clearly show that FBN exhibits the highest adsorption capability to the PS (S଼ଶି) ion 
over other materials (Figure 4.6b). The X-ray diffraction (XRD) patterns of the FBN 
with the adsorbed PS also show the peaks of S7(NH), S9(NH), and S3(NH) at 2θ degrees 
around 16°, 21°, 24°, and 25° compared with the FBN without PS (LiNO3) calibration, 
confirming the absorption of PS ions by FBN (Figure 4.7). 
Furthermore, the maximum adsorption capacity of PS (S଼ଶି) ion in FBN is calculated 
by fitting the adsorption isotherm to the Langmuir model (Figure 4.6c), giving a 
maximum adsorption capacity of 487 mg g−1. The Raman spectra of the FBN with the 
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adsorbed PS further confirm that the PS ion can be adsorbed by FBN (Figure 4.6d). It 
can be seen that all the samples show a peak at 1364 cm−1, corresponding to the BN 
vibration mode (E2g) [23]. In comparison with the spectrum of pure BN, obvious 
changes can be observed in the spectrum of the FBN with the adsorbed PS, implying 
that some interactions have occurred between the FBN and S. The features below 600 cm−1 
can be mainly assigned to the S signal from the S compounds [24]. While the peaks 
centered at 822 and 874 cm−1 represent the B–S bands [25], revealing the existence of 
S-based compounds in FBN.  
 
Figure 4.6 Polysulfide adsorption performance of various boron nitride. a) Ultraviolet 
spectrum of PS solution and PS solution adsorbed by commercial boron nitride powder 
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(CBN), porous boron nitride nanosheets (PBN), and functionalized boron nitride 
nanosheets (FBN). b) Color contrast of PS in DME/DOL (1:1) and after adsorbed by 
CBN, PBN, and FBN. c) The maximum (S଼ଶି) ion adsorption of FBN. d) Raman spectra 
of FBN and polysulfide-adsorbed FBN. 
 
 
Figure 4.7 XRD patterns for polysulfide adsorbed by FBN and FBN with electrolyte.  
 
To understand the mechanism of the adsorption of the negatively charged PS ions by 
the functionalized FBN, different ion adsorption was examined (Figure 4.8). Cu2+ and 
MnOସଶି were chosen as the typical examples of positive and negative ions. A new peak 
of Cu2+ appears between 400 and 500 nm after adding FBN, which can be attributed to 
the increased local concentration of Cu2+ due to the addition of FBN into the solution 
with more positively charged groups (Figure 4.9a). As the opposite example, the 
peak of MnOସଶି decreases after adding FBN, which is similar to the results of PS 
(Figure 4.9b), indicating that the negative ions can be absorbed by the functionalized 
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FBN with positively charged groups. 
 
 
Figure 4.8 Ion-selective adsorption characterization of functionalized boron nitride 
nanosheets. UV spectra of CuCl2 and K2MnO4. a) CuCl2 solution in DME/DOL (1:1) 
before and after FBN adsorption. b) K2MnO4 solution in DME/DOL (1:1) before and 
after FBN adsorption. 
 
These results further demonstrate that FBN with positively charged groups can adsorb 
PS ions because of the strong electrostatic interactions with the PS, while graphene in 
the composite coating helps to form a conductive and flexible film. Thus, the improved 
high-rate capability and excellent lithium storage reversibility of the cell with an 
FBN/G interlayer may be ascribed to three aspects: (i) the charge transfer resistance of 
the cell is decreased by adding the FBN/G interlayer. Impedance analysis (from 1000 
kHz to 0.01 Hz) was performed to compare the cells with and without the FBN/G 
interlayer before cycling (Figure 4.9).  
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Figure 4.9 Electrochemical impedance spectroscopy of the cells with FBN/G interlayer 
and without interlayer before cycle.  
 
In Figure 4.9, the resistance and capacitance values of the cell with FBN/G interlayer 
are about 146.7 Ω and 0.003 mF cm-1, respectively; the values of the cell without 
interlayer are about 196 Ω and 0.029 mF cm-1 after fitting. According to these results, 
the low capacitance values of both kinds of cells means that the main impedance 
response of both cells is the bulk resistance or the charge transfer resistance of the cell 
which is related with the electronic conductivity. Furthermore, the 10 times larger 
capacitance value of the cell without interlayer means the concentration of the soluble 
ions (PSs) may be higher than the cell with FBN/G interlayer. The impedance 
semicircle shrinks significantly by about 79% after the insertion of the FBN/G 
interlayer, demonstrating a dramatic decrease in the charge transfer resistance of the 
cell. Here, the FBN/G interlayer works as an upper current collector for the low-
conductivity sulfur cathode, enhancing the active material utilization and thereby 
raising the specific capacity of the cell; (ii) the migrating PS are intercepted by the FBN 
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with positive functional groups NH2 and stabilized within the cathode region, avoiding 
their dissolution into electrolytes, maintaining the integrity and stability of the 
electrodes during the redox process; and (iii) the localized PS in the cathode region can 
assist continual reutilization of the precipitated Li2S2/Li2S during cycling [26]. 
Therefore, the integration of decreased charge transfer resistance, mitigated PS 
shuttling problem, and strengthened electrical conductivity gives an excellent 
performance of the FBN/G films as an interlayer for Li–S batteries with enhanced 
cycling stability and Coulombic efficiency.  
4.4 Conclusions 
 A light-weight interlayers for Li–S batteries have been developed and fabricated by 
simply coating a thin film of functionalized BN nanosheets and graphene on the cathode 
for the first time. The interlayer not only leads to a reduction of the charge transfer 
resistance but also mitigated shuttling problem. The positive functional groups of FBN 
act as ion-attracting sites of negatively charged polysulfide products due to the 
electrostatic interaction. Consequently, with the incorporation of an FBN/G film, 
the Li–S batteries exhibit an improved capacity from 382 mA h g−1 (only 
graphene as the interlayer) to over 560 mA h g−1 at 3C. The cyclic capacity decay 
rate is also decreased from 0.032% to 0.0037% per cycle. Importantly, an ultralow 
capacity degradation rate of 0.0067% per cycle is achieved at 1C over 1000 cycles. This 
novel FBN/G film may also provide a new configuration strategy in other energy-
storage systems such as lithium-ion batteries, lithium-air batteries, and supercapacitors, 
which require a barrier to control the ion transportations.  
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Chapter 5 Boron nitride nanosheet coated separators 
5.1 Introduction 
Li-S batteries exhibit a very high theoretical specific capacity of 1675 mA h g-1 and 
high energy density of 2650 W h Kg-1 [1, 2] and are thus considered as next-generation 
lithium batteries. Current battery devices still face some serious problems and related 
unsatisfied electrochemical performance. One major problem is the dissolution of 
intermediate products formed during charge-discharge process, which is the so-called 
“shuttle effect”, causing severe capacity decay and lower Coulombic efficiency of Li-S batteries 
[3, 4]. To overcome this problem, a significant research has been focused on the 
fabrication of new electrodes with a higher sulfur loading as well as incorporation of 
an interlayer between sulfur cathode and separator, such as carbon-sulfur composites 
[5, 6], carbon nanotube paper [7], carbonized eggshell membrane [8], and 
functionalized boron nitride nanosheet combined graphene [9], which reduce the shuttle 
effect and significantly enhance rate performance and cycling life of batteries. Another 
approach to constrain shuttle effect of the Li-S battery is to modify the composition of 
the electrolyte. Certain electrolytes can prevent the dissolution of polysulfides (PSs), 
thus reducing the shuttling of PSs [10], however, ion conductivity in these electrolytes 
is sometime sacrificed, which leads to a low electrochemical performance of the battery. 
Recently, tailoring the physical and chemical properties of the separator is demonstrated 
to be a viable way for further improving the performance of Li-S batteries [11].  
To prevent PS shuttle effect efficiently, development of new separators with graphene oxide 
(GO) [12, 13], black-phosphorus [14], metal-organic framework (MOF)/GOs [15-17], 
and metal oxides (such as Al2O3 [18] and TiO2 [19]) have already been tried. It is 
demonstrated that the shuttle phenomenon in Li-S batteries can be effectively inhibited 
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with these new separators through either physical trapping or chemical interactions of 
the separator with polysulfide species. Nevertheless, most of these modifications 
ultimately impede electron transport or interrupt paths for Li+ movement, thus leading 
to low sulfur utilization and rate capability. Therefore, development of new separators 
which not only inhibits PS shuttle effect but also increase electron transport speed as 
well as Li+ diffusion rate is a challenge. 
Among different inorganic materials, boron nitride nanosheets (BNNSs), as an 
analogue of graphene, might be better material to solve this issue as BNNSs have been 
proven to promise many new properties [20-29]. Furthermore, I have already 
demonstrated that functionalized boron nitride (FBN) nanosheets with amino groups 
can be used for the fabrication of a graphene-FBN nanosheet interlayer that can protect 
sulfur cathode by adsorbing PS anions in Li-S batteries as described in Chapter 4 [9]. 
Inspired by this previous work, a new multifunctional thin separator has been developed 
by coating a layer of FBN nanosheets with COଷଶି groups on a Celgard 2400 separator. 
The new FBN separator prevents PS shuttle effect dramatically and enhances lithium 
ion diffusion significantly due to the incorporation of BNNSs with strong negative 
functional groups onto a Celgard separator. The cell with the FBN separator exhibits a 
high reversible capacity, an attractive rate capability, and a more stable cycle life 
(without compromising its beneficial attributes) than that of the cell with a Celgard 
separator.  
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5.2 Experimental 
Functionalization of boron nitride nanosheets with carbonate groups 
To achieve functionalized BN nanosheets with COଷଶି groups, BN nanosheets and 
guanidine carbonate (Sigma-Aldrich) with a mass ratio of 1:1 were ball-milled in a ball 
milling under nitrogen atmosphere for a period of 24 h [28]. The milled product was 
collected and washed with deionized water and lyophilized and the final product is 
denoted as FBNs. 
Fabrication of FBN separatiors 
A stock solution with a mixture of polyvinylidene fluoride (PVDF) (1 wt.%) and N-
Methyl-2-pyrrolidone (NMP) was prepared. 100 ml stock solution was used to disperse 
10 mg of FBN. Controlled amount of this dispersion was poured onto a Celgard 2400 
separator to give different coating density, and the coating layer was formed with the 
help of a vacuum filtration system. Huge amount of deionized water was used to wash 
out extra PVDF and NMP. This FBN coated separator was then dried in a vacuum oven 
at 60℃ for 24 h. To achieve different coating thickness, five different coating 
suspensions were prepared by varying the weight of FBN. 
Materials characterization 
Cross-section and surface morphology of the FBN coated separator were examined by 
scanning electron microscopy operated at 3 kV (Hitachi S4500 Zeiss Supra 55VP). To 
achieve enough conductivity, the FBN separator was coated with carbon and gold 
before SEM analysis. The functional group of boron nitride nanosheets was confirmed 
by Raman spectroscopic characterization using a Renishaw inVia micro-Raman system 
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equipped with a 514.5 nm laser. Zeta potential measurement was carried out in ethanol 
solution by using Malvern ZETASIZER Nano series. 
Electrochemical characterization 
The sandwich-like Graphene/Sulfur electrode was prepared according to the process 
reported in Zhou’s research [30]. A mixture of 12 wt.% high porous graphene (graphene-
supermarket, USA), 8 wt.% of high surface graphene (graphene-supermarket, USA) 
and 80 wt.% of sulfur was hand grounded for 2 h followed by a heat treatment at 300℃ 
in an airtight container for 24 h. Heat treated sample was mixed with Super P Li (Timcal 
Ltd.) and PVDF (in a weight ratio of 80:15:5) in NMP solution and stirred for 24 h to 
form a homogeneous slurry. The slurry was then coated onto a carbon coated aluminum 
foil substrate with a 150 μm spreader and heated in an air oven at 60 °C for 24 h. These 
base electrodes were furthered coated with a graphene layer prepared by a mixture of 
graphene (supply by Wenzhou University) [9] and PVDF (in a weight ratio of 95:5) in 
NMP solution. The electrodes were further dried in an air oven at 60°C for 24 h. All 
Graphene/Sulfur electrode were cut into a circular size.  
CR2025 coin-type half cells were assembled inside the Ar-filled glove box (Innovative 
Technology, USA) with Graphene/Sulfur as working electrode and Li metal as counter 
electrode. The electrolyte was 1M LiTFSI (Sigma Aldrich) in a 1:1 (by volume) mixture 
of 1, 2-dimethoxyethane (Sigma Aldrich) and 1, 3-dioxolane (Sigma Aldrich). A 
microporous polypropylene (Celgard 2400) and FBN coated polypropylene used as 
separators. The Li-S cells were galvanostatically discharged-charged between 1.6-2.8 V 
at different current densities using a LAND battery tester (Wuhan LAND Corporation, 
China). Cyclic voltammograms (CVs) were recorded using Solartron Analytical 
electrochemical workstation at a scan rate of 0.01 mV s-1. Electrochemical impedance 
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spectroscopy (EIS) was performed on the cells over the frequency range of 1000 kHz 
to 0.01 Hz with an AC amplitude of 5 mV using Solartron computer-controlled 
electrochemical analyzer. 
5.3 Results and discussion 
A schematic configuration of a Li-S cell with an FBN separator is displayed in 
Figure 5.1a. The scanning electron microscopy (SEM) image of the coating layer with 
FBN content of 0.21 ± 0.01 mg cm-2 in Figure 5.1b shows a cross-section of the coating 
layer on a separator. High magnification SEM image shows that FBN nanosheets were 
coated on some surface of the Celgard 2400 separator without totally blocking lithium 
ion transport channels (Figure 5.1c). The presence of COଷଶିgroups in FBN nanosheets 
was confirmed by Raman spectroscopy analysis (Figure 5.1d).  Moreover, zeta 
potential measurement demonstrates that FBN nanosheets exhibit high negative 
potential value of - 44 ± 3 mV, which is beneficial for ion-repelling of other negative 
ions [31-34].  
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Figure 5.1 a) schematic configuration of a sandwich-like Li-S cell with a FBN 
separator; b) SEM image of the cross-section of the coating layer of FBN nanosheets 
on the separator; c) high-magnification SEM image of the surface of the FBN separator; 
d) Raman spectrum of FBN nanosheets. 
 
To evaluate the electrochemical performance of FBN separator, cycling performance 
was examined first. Figure 5.2a compares the cycling performance between two cells 
with and without FBN separators at a current density of 0.2C (335 mA g-1) (C rate is 
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calculated based on the active mass and theoretical capacity of sulfur). The initial 
discharge capacity of the cell with the FBN separator is measured to be 1485 mA h g-1, 
followed by a moderate drop until 10th cycle, which is related to the activation process 
in Li-S cells [15]. A stable high discharge capacity of 1250 mA h g-1 is achieved after 
100 cycles. In contrast, a significant capacity decay is observed in the cell without FBN 
separator with a capacity retention of only 498 mA h g-1 after 100 cycles. These results 
demonstrate that the coating of FBN nanosheets on Celgard separators can effectively 
prevent PS shuttle effect. To optimize the FBN coating, 5 separators with different FBN 
coating densities (0.05, 0.10, 0.16, 0.21 and 0.27 mg cm-2) were prepared by coating 
different amounts of FBN solution. Cycling performance at a current density of 1C of 
the cells with FBN separators of different coating thickness is shown Figure 5.2b. It 
shows that cycling stabilities are enhanced by increasing the FBN content in coating 
suspension, however, increasing the FBN content more than 0.21 mg cm-2 doesn’t have 
any positive effect on cycling stability. Hence, FBN coating with FBN nanosheet 
content of 0.21 mg cm-2 is selected as a model system to further experimental work.  
Figure 5.2c represents the rate capability performance between the cells with and 
without FBN separators. The consecutive cycling behavior at different charge-
discharge rates were measured after 9 cycles in ascending steps from 0.2 to 10C, and 
followed by a return to 0.2C up to total 60 cycles. The cell with a FBN separator exhibits 
a superior rate capability with a capacity retention of 1486, 1232, 1194, 1008, and 
904 mA h g-1 at current densities of 0.2, 0.5, 1, 3, and 5C, respectively. Even at the 
extremely high current of 10C (i.e., 16800 mA g-1), the cell still delivers a capacity 
of 582 mA h g-1 with a high Coulombic efficiency of ˃ 98%, demonstrating a 
remarkably improved rate capability and reversibility. Furthermore, when the current 
density is returned to 0.2C, the capacity recovers to 1225 mA h g-1 after 60 cycles (~83% 
100 
 
retention of the capacity of 1486 mA h g-1 measured at 0.2C initially), indicating good 
stability of the cell under high current charging and discharging conditions. On the 
contrary, the cell with a Celgard separator suffers from significant capacity decay at 
high current densities of higher than 3C, which could be related to the severe PS shuttle 
effect [35-37]. In addition, discharge-charge potential profiles obtained at different C-
rates of the cell with an FBN separator for the selected cycles are shown in Figure 5.2d. 
Two distinct discharge plateaus, corresponding to the conversion of S to long-chain 
lithium PSs and the subsequent formation of solid-state discharge products of lithium 
sulfides, can be seen clearly. Similar plateaus are observed previously in Li-S cells with 
carbon-sulfur cathodes [38, 39]. Impressively, the long charge plateaus are still present 
at each current rate and even at a very high current rate of 10C, demonstrating stable 
discharge-charge potential profiles of the FBN separator cell. 
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Figure 5.2 a) Cycling stability of two cells with and without FBN separator at 0.2C up 
to 100 cycles; b) cycling performance of the cells with FBN separators prepared using 
the FBN solution with different content of FBN nanosheets; c) rate capability of the 
cells with and without FBN; and d) charge-discharge curves of the cells with FBN 
obtained at various current rates. 
 
Figure 5.3 shows the long-term cycling performance of the cells at high current 
densities. Figure 5.3a compares cycling stability of the cells with and without FBN 
separators at 1C and 3C. The cells with FBN separators display stable cycle life with 
retained capacities of 1027 mA h g-1 at 1C and 897 mA h g-1 at 3C after 1000 cycles 
with capacity retention of ~89% and ~83%, respectively. The capacity retention of ~89 
and ~83% represent the slow decay rates of 0.011% per cycle at 1C (with respect to the 
initial capacity of 1154 mA h g-1) and 0.017% per cycle at 3C (with respect to the initial 
capacity of 1090 mA h g-1), corresponding to Coulombic efficiency of 99.3% at 1C and 
99.8% at 3C, respectively (Figure 5.4). In contrast, the initial discharge capacities 
of the cells with Celgard separators were measured to be 1166 mA h g-1 at 1C and 
1083 mA h g-1 at 3C, followed by a huge drop of capacities with capacity retention of 
456 mA h g-1 (retention of only 39%) at 1C and 295 mA h g-1 (retention of only 27%) 
at 3C, respectively. The enhanced cycling performance of the cells with FBN separators 
was further evaluated at a very high current rate of 10C. Figure 5.3b shows the cell is 
capable to tolerate such a high current density and the stable capacity was measured to 
be as high as 585 mA h g-1 even after 2000 cycles with a capacity retention of ~90%. 
This excellent performance indicates that the incorporation of FBN nanosheets onto 
Celgard separators improves the electrochemical stability of the Li-S cell. Cyclic 
voltammetry (CV) was used to investigate the kinetics of electrochemical reactions in 
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the cells with and without FBN separators after long term cycling. The CV curves for 
the cells after 1001 and 1002 cycles of discharge-charge at 3C are depicted in Figure 5.3c, 
d. The CV curves show two pairs of distinct and redox peaks for both electrodes. The 
reduction peaks at ~2.33 V and ~2.06 V are for the cells with FBN separators and peaks at 
~2.35 V and ~2.08 V for the cell without FBN separators. These peaks show typical 
two-step sulfur reduction process which represents the conversion of elemental sulfur 
to long-chain polysulfides and long-chain polysulfides to short-chain polysulfides [40]. 
The corresponding oxidation peaks at ~2.27 V and ~2.36 V for the cell with FBN 
separators and the peaks at ~2.31-2.33 V and ~2.36 V for the cell without FBN 
separators show the oxidation reactions from short-chain polysulfides to S8/Li2S8 [40]. 
It is observed that the cell with FBN separators exhibits overlapping cathodic and 
anodic peaks while maintains their sharp shape and displays no obvious intensity 
change and potential shifts, indicating superior cycle stability and highly reversible 
redox reactions in the cell. In contrast, deformed and widened (with decreased integral 
areas) redox peaks are seen in the cell without FBN separators, which suggests a 
sluggish kinetic process.  
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Figure 5.3 a) cycling stability of the cells with and without FBN separators at 1C and 
3C up to 1000 cycles; b) cycling stability of the cell with FBN separators at a high 
current rate of 10C up to 2000 cycles; and c, d) CVs of the cells with and without FBN 
separators after long-term cycling at 3C. 
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Figure 5.4 Coulombic efficiencies of the Li-S cells with and without FBN at 1C and 
3C, respectively.  
 
To ascertain the interfacial behaviors of the electrodes with and without FBN separators, 
impedance spectra (EIS) were measured. The Nyquist plots of the cycled cells (first 
discharge state) are shown in Figure 5.5a, b. The Nyquist plots are composed of a 
depressed semicircle in the HF (high frequency) region, a depressed semicircle in MF 
(medium frequency) region, and a straight slopping line in the LF (low-frequency) 
region. To get a better understanding of the change of impedance parameters with and 
without FBN separators, the Nyquist plots were analyzed by Z-view software. Based 
on the characteristic of the Nyquist plots, a simplified circuit was proposed for the EIS 
spectra, as presented inset of the Figure 5.5a. In the proposed circuit model, Re is the 
resistance of electrolyte, Rint//CPEint is the interphase contact resistance and its related 
capacitance, Rct//CPEct is the charge-transfer resistance and its related capacitance, and 
CPEdif is diffusion impedance that probably represents Li ions diffusion process. The 
first semicircle in the HF region is related to the interphase contact resistance and its 
related capacitance (Rint//CPEint) in the sulfur electrode bulk, which simulates the 
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process of electron conduction from the current collector to reaction sites. The 
production of insulating reduction products during discharge on particle surface which 
could increase the interphase contact resistance and enlarge the HF semicircle 
moderately. The second semicircle in the MF region is related to the charge-transfer 
resistance and its related capacitance (Rct//CPEct), which reflects the charge-transfer 
process at the interface between the conductive agent and the electrolyte. 
From the Nyquist plots, the semicircle diameter of the cell with Celgard separator is 
smaller than that of the cell with FBN separator, implying the interphase contact 
resistance and charge-transfer resistance of the cell with FBN separator are higher than 
that of the cell with Celgard separator. The interphase contacts resistances (Rint) were 
calculated to be approximately 4.16 Ω for the cell with a Celgard separator and 24.4 Ω 
for the cell with a FBN separator, respectively. The charge-transfer resistances (Rct) 
were also very high for the cell with a FBN separator (88.7 Ω of the resistance value 
and 162.29 mF cm-1 of the capacitance value) whereas it was as low as 12 Ω (4.211 mF 
cm-1 of the capacitance value) for the cell with a Celgard separator. The higher 
interphase contact resistance in the cell with a FBN separator is attributed to the 
incorporation of insulating FBN nanosheets into the Celgard separator which directly 
touch the surface of sulfur cathode, and thus increases the contact resistance [41, 42]. 
On the other hand, the higher Rct value of the cell with a FBN separator confirms that 
the FBN separator is also capable to inhibit/prevent PS transfer and accumulate 
insulating discharge products of Li2S and Li2S2 [43]. These results demonstrate that the 
FBN nanosheets enhance the inhibition of PS transfer and limits internal redox shuttle. 
To further demonstrate the ability of PSs rejection by FBN separator, an H-type cell 
with a changeable separator was employed (Figure 5.5c, d). The H-type cells were filled 
with yellow-colored PS solution in the left-side chamber and a color-less electrolyte in 
106 
 
the right-side chamber. After 24 h, the H-type cell with a FBN separator shows no color 
change in the electrolyte chamber (Figure 5.5c), whereas the electrolyte in the H-type 
cell with a Celgard separator becomes yellow (Figure 5.5d), indicating a significant 
rejection of PSs by the FBN separator compared to the Celgard separator. To confirm 
these findings, both separators (FBN and Celgard) after cycling were collected and 
soaked in a color-less electrolyte solution for a certain period of time. Remarkably, 
FBN separator displays no color change of electrolyte solution (compare to Celgard), 
again confirming that FBN separator rejected negative charged PSs during cycling 
process (Figure 5.5e). 
 
Figure 5.5 a, b) Electrochemical impedance spectroscopy (equivalent circuit model is 
depicted inset of Figure 5.5a) of the cells with and without FBN separators at the end 
of first discharge; c) color contrast of PS solution in the left-side chambers and color-
less electrolyte in the right-side chamber in a H-type cell with FBN separator after 24 
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h; d) color contrast of PS solution and color-less electrolyte in a H-type cell with 
Celgard separator after 24 h; and e) color contrast of the separators (soaking in a color-
less electrolyte) with and without FBN collected from cycled cells. 
 
To understand the mechanism of rejection of PSs by FBN separator, FBN nanosheets 
was added into an extremely dilute PS solution. The original extremely dilute PS 
solution and FBN nanosheet added solutions were tested using ultraviolet absorption 
(UV) spectrum. The UV curves of these two solutions are shown in Figure 5.6. The 
peak between 250 nm and 300 nm can be attributed to S଼ଶିion. The UV intensity of 
S଼ଶିion increases after adding of FBN powder because of increased local concentration 
of S଼ଶିion due to repulsion by negatively charged COଷଶି groups. These results indicate 
that FBN nanosheets with COଷଶି groups can efficiently repel PSs anions due to the 
strong electrostatic interactions.   
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Figure 5.6 Ultraviolet spectrum of PS solution (without FBN powder) and PS solution 
after soaking the FBN powder. 
 
As discussed above, the cells with FBN separators exhibit excellent electrochemical 
performance due to the rejection of migration of PSs through FBN separator. On the 
other hand, Li+ ions permeability of the cell with FBN separators is also important 
parameter for its performance in Li-S cells, especially for excellent rate capability. 
Hence, Li+ ions diffusion coeﬃcient was calculated using the Randles-Sevick equation 
with a series of CV measurement [12, 44, 45] as shown in Figure 5.3a and Figure 5.7a, b. 
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Figure 5.7 a) cells with a FBN separator and b) cells with a Celgard separator (without 
FBN).   
 
The diffusion coeﬃcient of lithium-ion, 𝐷௅௜శ  (cm2 s-1), was evaluated by 
cyclic voltammetry and calculated according to the Randles-Sevick equation: 
𝐼୮ = 2.69 × 10ହ𝑛ଵ.ହ𝐴𝐷௅௜శ
଴.ହ 𝐶௅௜𝑣଴.ହ   (5.1) [12, 44, 45] in which Ip (A) is the peak 
current, n signifies the number of electrons in the reaction (for Li-S cells, n = 2), A 
(cm2) designates the electrode area (1.538 cm2 ), CLi (mol mL-1) means the lithium-ion 
concentration in the electrolyte, and v attitudes to the scanning rate (V s-1). 
Lithium-ion diffusion coeﬃcient, 𝐷௅௜శ (cm2 s-1), is used to compare the transference 
number of lithium ion according to the equation: 𝑡௅௜శ =
஽ಽ೔శ
஽ಽ೔శା஽ష
    (5.2) [46], in which 
𝑡௅௜శ is the transference number of lithium ion, 𝐷ି is the average diffusion coeﬃcient 
of anion (including TFSIି and S୶ଶି) in the electrolyte.  The transference number of 
the whole cell accorded to a standard calculation equation: 𝑡± =
௭±∆௡ೌ
ொ ி⁄
   (5.3), in which 
𝑡± is the transference number of lithium ion (+) and other anion (-), 𝑧± is the charge 
number (here, 𝑧ା = 1 and  𝑧ି = 1 or 2), ∆𝑛௔ is the transported amount of substance 
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of ion (mol) including lithium ion and other anion, Q is the quantity of electricity which 
passed through the whole cell (C), F is Faraday constant. 
In this study, the equations  𝑡௅௜శ =
஽ಽ೔శ
஽ಽ೔శା஽ష
 , 𝑡௅௜శ =
௭శ∆௡ಽ೔శ
ொ ி⁄
 and 𝑡ି =
௭ష∆௡ష
ொ ி⁄
 were 
employed to explain anion diffusion process. Here, 𝐷ି = 𝐷ௌೣమష + 𝐷்ிௌூష ,  
∆𝑛ି = ∆𝑛ௌೣమష + ∆𝑛்ிௌூష. Q does not change during charge-discharge processes at the 
same current density in different cells with and without FBN separators. The increase 
in 𝐷௅௜శ  leads to an increase of ∆𝑛௅௜శ  and  𝑡௅௜శ . Similarly, the decrease of 
transference number of anion (𝑡௅௜శ + 𝑡ି = 1) leads a lower transported amount 
of substance in one-unit time which can be accorded to the definition of diffusion coeﬃcient. 
The cathodic and anodic peaks in the CV curves (Figure 5.3a and Figure 5.7a, b) are 
assigned as B, C and A1, A2, respectively. Hence, the diffusion coeﬃcients of Li ions with 
FBN separator at diﬀerent CV voltage regions can be determined according to the equation 
(5.1) (Randles-Sevick equation): D (A1)FBN = 1.22 × 10ି଼, D(A2)FBN = 1.22× 10ି଼, 
D(B)FBN = 2.71 × 10ି଼ and D(C)FBN = 8.82  × 10ିଵ଴  cm2 s-1 for the first cycle. 
Similarly, the calculated diffusion coeﬃcients of lithium ions with a Celgard 
separator (without FBN) according to the equation (5.1) is: D(A1)C = 6.56 × 10ିଽ, 
D(A2)C = 6.13× 10ିଽ, D(B)C = 9.45 × 10ିଽ and D(C)C = 3.57× 10ିଵ଴ cm2 s-1 
for the first cycle. The calculated values of diffusion coeﬃcients of Li ions of the cell 
with an FBN separator are three times higher than those of the cell with a Celgard 
separator (without FBN) during the first discharge process. The diffusion coeﬃcients 
of Li ions in the cell with FBN separator at the 1001th cycle are D(A1) = 2.62 × 10ି଼, 
D(A2) = 3.21× 10ିଽ, D(B) = 2.54 × 10ି଼ and D(C) = 1.05× 10ିଽ cm2 s-1. It is seen 
that the diffusion of Li ions in the cell with a FBN separator is quite similar at the first 
discharge and even after 1000 cycles. 
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The diffusion coeﬃcients of Li ions calculated from the peaks B and C indicate the 
performance of the ion transfer situation and internal redox shuttle process of polysulfide 
during discharging process [37]. It suggests that the Li ion transfer situation at the whole 
recycling process is stable in the cell with FBN separators and the element constitute 
of both anode and cathode are stable. These results demonstrate that the diffusion speed 
of Li+ in the cell with a FBN separator is much higher than that in the cell without FBN 
separator. Moreover, the transference number, 𝑡௅௜శ , in the cell with a FBN separator 
is higher than that of the cell without FBN separator because FBN is recognised as a 
Lewis base which can enhance the transference number [47-50], indicating that the 
diffusion of anions such as 𝐷ௌೣమష  and 𝐷்ிௌூష decreases because of the identities 
𝑡ା + 𝑡ି = 1. The overall electrochemical performance (capacity, cycling stability and 
rate capability) of the Li-S cell with a FBN separator is much better than the cell without 
FBN separator.  
5.4 Conclusions 
A new separator is developed for Li-S batteries by coating a commercial Celgard 
separator with a thin layer of FBN nanosheets. This new separator overcomes internal 
redox shuttle which is one of the major constraints associated with the traditional 
separator. Moreover, the incorporation of FBN nanosheets into Celgard separators for 
the Li-S cells is afforded an improved capacity from 456 mA h g-1 (Celgard, without 
FBN) to 1027 mA h g-1 (with FBN) at 1C and 295 mA h g-1 (Celgard, without FBN) to 
897 mA h g-1 (with FBN) at 3C after 1000 cycles with negligible capacity decay rates. 
Most importantly, the cells with FBN separators show an ultra-stable capacity of 
585 mA h g-1 with a capacity retention of ~90% at a high rate of 10C over 2000 cycles, 
which might be related to the increased Li ion diffusion coeﬃcient of the cell as well 
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as rejection of PSs. It is demonstrated that this new separator can restrict dissolved PSs 
migration through the separator due to strong electrostatic interaction between 
negatively charged PSs products and FBN nanosheets, which enhances ion transfer and 
inhibits internal shuttle effect, offering the cells with a high capacity, high rate 
capability and long-term cycling stability. Hence, this novel separator would be a 
promising strategy for the development of high-performance Li-S batteries.  
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Chapter 6 Lithium-polysulfide liquid cells 
6.1 Introduction 
The liquid electrodes (anode and/or cathode) with a high inner conductivity and long 
working life were proposed in some batteries systems and developed several decades 
[1-6]. These liquid electrode systems can be classified as two liquid electrodes system 
and single liquid electrode system. The two liquid electrodes system, which used ion 
liquid both in cathode side and anode side, performed an excellent inner conductivity 
and more than 10 years working life [7].  
In 2011, Weber et.al [7] reviewed several kinds of redox flow cells (RFBs), which used 
two electrodes systems, including iron-chromium [1], bromine-polysulfide [2] (Br-PS), 
vanadium-bromine [8], and so on. These RFBs systems, which employed liquid 
electrodes, attempted to achieve large numbers of charge-discharge cycles, long 
calendar life, high round-trip efficiency, and an ability to respond rapidly to changes in 
load or input. However, the development of these RFBs systems is hampered due to the 
usage of large volume liquid storage container along with higher atomic mass of the 
applicable ions, leading to low theoretical energy density of the systems [7].  
In contrast, the single liquid electrode system delivers high energy density due to the 
smaller size of the liquid storage container where soluble ion used as cathode or anode 
in the liquid state, and a solid metal as the opposite electrode. Wang et.al [9] developed 
a single liquid electrode battery system (lithium-iron) with a valence metal ion liquid 
cathode produced as an intermediate between oxidant and lithium metal. Even though 
this lithium-iron system achieved a high capacity at a high current density during 
discharge process, however, it was difficult to recharge of the valence metal ion like a 
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battery. Although liquid electrode systems exhibit some problems, nevertheless, these 
studies proposed novel approaches to achieve liquid electrode battery systems and 
provided an exciting possibility to develop a liquid cathode for other battery system 
(such as lithium-sulfur) with high energy density.     
The lithium-sulfur (Li-S) batteries have received ever-increasing attention in recent 
years due to their high specific capacity of 1675 mA h g−1 [10-14]. However, the Li-S 
systems face two major problems [10-24]: (i) low content of sulfur in the cathode, 
leading to low energy density and (ii) slow charge-discharge process due to the 
insulating nature of the sulfur, limits their development for practical applications. 
Hence, it is quite challenging to develop Li-S system by balancing these two factors 
because increases of sulfur will introduce high resistance to the system. 
As an early study, Yamin et al. [18] developed PS liquid cathode in 1983 in which 
tetrahydrofuran and toluene used as electrolyte solvent. Although they successfully 
fabricated cells, however, electrochemical performance was unsatisfactory due to the 
shuttle effect of sulfur/polysulfide. Recently, few studies reported liquid PS storages in 
sponge-like carbon cathodes [13, 21-24]. Unfortunately, all of these studies were also 
unable to inhibit well-known shuttle effect. The underlying problems were the testing 
conditions of the cells. In their studies, the charge cut-off voltage was selected to 2.8 V 
which is identical to the charge-discharge process of the Li-S systems. As a result, all 
of these cells exhibit same problems as Li-S cell does after the first cycle, particularly 
high rate capability was limited due to high resistance of sulfur element produced at the 
end of charge process at 2.8 V. It is therefore necessary to develop a simple and effective 
approach to tackle problems associated with current Li-S batteries. 
In this study, a new system of Li-PS (instead of Li-S) in which Li metal used as the 
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anode, functionalized boron nitride (FBN) nanosheets with COଷଶିgroups as separator 
and Al current collector contained liquid PS as the cathode is proposed. The electrolyte 
of 1M LiTFSI in a mixture of PS ions, 1, 2-dimethoxyethane (DME) and 1, 3-dioxolane 
(DOL) is used. The Li-PS cells were galvanostatically discharged-charged within the 
potential range of 1.6-2.4 V to avoid the production of insulating sulfur at the end of 
charge process. The electrochemical performance (in terms of specific capacity, cyclic 
stability, and rate capability) of the Li-PS cells is outstanding due to a new liquid 
(Li2S8)-solid (Li2S) reaction during discharge-charge process instead of traditional solid 
(S8)-liquid (Li2Sx)-solid (Li2S) reaction in the Li-S cells.  
6.2 Experimental 
Preparation of polysulfide (PS) solution 
Solution of PS ions were produced by discharging an H-type cell of lithium-sulfur 
system inside a glove box. The cathode of the H-type cell was prepared by 
mixing 70 wt.% of sulfur, 20 wt.% of carbon black (Super P), and 10 wt.% of 
polyvinylidene fluoride (PVDF) binder in a solvent of N-Methyl-2-pyrrolidinone 
(NMP) (Sigma Aldrich). The slurry was coated onto aluminum foil substrates and these 
coated electrodes were dried in an oven at 60℃ for 24 h. The assembled H type Li-S cells 
were discharged to 1.6 V and produced various PS ions (S଼ଶି and S୶ଶି, 8 > x > 2) 
dissolved in electrolyte solution in the cathode chamber and solution was collected. In 
order to produce pure S଼ଶି ions (PS8), 1 mg of sulfur powder was added into this PS 
solution and it was allowed for 48h for a reaction where low chain PS ions were oxidized 
by sulfur to only PS8 ions through a redox reaction. The unreacted residue of sulfur 
powders was separated by centrifugation (7200 rpm, 30 min) and pure PS8 solution was 
collected in an argon glove box.    
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Preparation of functionalized boron nitride (FBN) separator 
Functionalization of boron nitride nanosheets and fabrication of FBN separator have 
been described in Chapter 5 [15]. 
Preparation of current collector 
In Li-PS system, solid sulfur cathode is replaced by a current collector. Hence, a special 
current collector is needed to prepare for this system. A slurry was prepared by mixing 
90 wt.% of porous graphene (Graphene Supermarket), 5 wt.% of carbon black (Super 
P) and 5 wt.% of PVDF (Sigma-Aldrich) binder in NMP (Sigma-Aldrich) solvent.  
The slurry was spread onto an aluminum foil substrate and the coated aluminum foil 
was dried in a vacuum oven at 100℃ for 24 h. An average carbon mass of these current 
collector pieces was approximately 2.2 mg.  
Assembly of Li-PS cells   
A schematic configuration of the Li-PS cell is shown in Figure 6.2a. The current 
collector was cut into 1.5 cm diameter pieces where 5 mm diameter hole was drilled in 
the middle of these pieces to inject PS solution during cells assembly. CR2032 coin-
type cells were fabricated with a graphene-coated Al current collector, a FBN separator, 
and a Li metal foil as anode (Sigma-Aldrich). Electrolyte solution of 200 ηL of 0.05M PS 
or 0.5M PS was injected into the assembled Li-PS cells through 5 mm diameter hole at 
the current collector side. The hole was sealed with a silica gel slice, vacuum silicone 
grease and carbon tape. The assembled cells were nominated as 0.05M Li-PS and 0.5M 
Li-PS cells, respectively. 
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Electrochemistry 
The Li-PS cells were galvanostatically charged-discharged at various current densities 
within a potential range of 2.4-1.6V. Discharge-charge potential profiles, cycling 
performance and cycling stability of the cells were recorded with a computer controlled 
programmable battery testing electrochemical work stations. Different termination 
voltages of 2.35 to 2.4 V were selected for the charge process. Cyclic voltammograms 
(CV) were recorded using Solartron Analytical electrochemical workstation at a scan 
rate of 0.05 mV s−1 in the voltage window of 2.35-1.6 V. Electrochemical impedance 
spectroscopy (EIS) data were achieved with a Solartron Impedance Analyzer from 1000 
kHz to 0.01 Hz with an AC voltage amplitude of 10 mV at the open-circuit voltage of 
the cells with the Li metal foil as both auxiliary and reference electrodes. 
6.3 Results and discussion 
Concentration of the collected PS8 solution was determined using titration process with 
a solution of 0.01M CuCl2 prepared by adding CuCl2 powders into DME/DOL (1:1, 
v/v) solvent. Electrolyte solution of different amounts (in volume) was added to the 
centrifuged PS8 solution to produce testing solutions with different PS8 concentrations, 
and 10 ml of 0.01M CuCl2 solution was used for each titration. Finally, CuS product 
produced during titration was removed by centrifugation (7200 rpm, 30min). The 
collected CuS free solution was tested using UV absorption spectroscopy to determine 
the concentration of CuCl2 which was used to calculate PS8 concentration (Figure 6.1). 
Comparing with a reference solution, PS8 concentration of the starting solution can be 
calculated.  
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Figure 6.1. a) Ultraviolet absorption spectrum of Cu2+ peak after mixing with different 
concentration of PS solution. b) The curve of PS8 concentration vs ultraviolet 
absorption spectrum of Cu2+ peak. 
 
The Li-PS cells were galvanostatically charged-discharged at various current densities 
within different potential ranges. During cycling process, FBN separator with COଷଶି 
groups prevents the S଼ଶି ions to pass through the separator due to the repulsive 
force between two negative ions (Figure 6.2a). Based on the discharge of Li-S 
batteries [15, 25, 26], the calculated theoretical specific capacity of S଼ଶି is 1470 mA h g-1, 
which is about 87.7% of the theoretical specific capacity (1675 mA h g-1) of sulfur. 
However, current density of the Li-PS cells was calculated based on 1C = 1675 mA g-1 
which is standard for the Li-S cell (For comparison purpose, the Li-S cell is just replaced 
with Li-PS cell). The sulfur content of both 0.5M Li-PS and 0.05M Li-PS cells was 
calculated to be ~25.6 mg (equivalent to ~ 92 wt.% sulfur content in Li-S cell) for 0.5M 
Li-PS cell and ~2.56 mg (equivalent to ~53 wt.% sulfur content in Li-S cell) for 0.05M 
Li-PS cell, respectively. It is important to note that sulfur content in the 0.5M Li-PS cell 
is higher than that of the most reported Li-S cells [10-26].  
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Figure 6.2b displays charge-discharge curves of the 0.5M Li-PS cell obtained at 0.2C 
current density (For clarity here, 2nd discharge and 1st charge are plotted). In this 
experiment, one cell was charged to 2.35 V and other was charged to 2.38 V where 
discharge cut-off voltage was fixed to 1.6 V for both cells. When cell is charged to 2.35 V, 
only one discharge plateau at around 2.1 V and a slop between 2.1-2.3 V are observed. 
The slope between 2.1-2.3 V is attributed to the conversion between S଼ଶି and S୶ଶି 
whereas the plateau at 2.1 V is associated to the conversion between S୶ଶି and Li2S2/Li2S 
[15, 25, 26]. On the other hand, two discharge plateaus at around 2.1 V and 2.3 V 
and a slop between 2.1-2.3 V are observed when cell is charged to 2.38 V. It is clearly 
seen that a new discharge plateau (in the 2nd discharge) at 2.3 V is formed if the cell is 
charged to 2.38 V (rather than 2.35 V) and then discharge back to 1.6 V. At the 
beginning of the 2nd discharge, this new discharge plateau at 2.3 V can be attributed to 
the transformation of solid S to S଼ଶି ions [15, 25, 26]. The slop between 2.1-2.3 V and 
plateau at 2.1V are same for both cases. This experiment demonstrates that solid sulfur 
can only be produced in Li-PS cell when charging window is higher than 2.35 V. 
Therefore, the Li-PS cells need to be operated within the restricted potential window 
between 1.6-2.35 V at a low current density of 0.2C to maintain liquid cathode nature.  
To support the above findings, cyclic voltammetry (CV) measurements (Figure 6.2c) 
were conducted on the same cells (which was charged to 2.35 V) collected at the end 
of 2nd discharge (test is depicted in Figure 6.2b). The CV measurements were demonstrated 
within the same potential range of 1.6-2.35 V at a scan rate of 0.05 mV s−1 (Figure 6.2c). 
In this restricted potential range, a well-defined single pair of redox peaks in which 
anodic/cathodic peaks at around 2.3 V/2.05 V is observed. The anodic peak is ascribed 
to the conversion of Li2S2/Li2S to S଼ଶିwhereas the cathodic peak at 2.05 V could be 
attributed to the transformation of S଼ଶି to different PSs. In contrast, two cathodic peaks 
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at around 2.3 V and 2.05 V exist in the CV curve of Li-S cell, where 2.3 V peak is 
associated with the transformation of sulfur to S଼ଶି ions [15, 25, 26]. It is therefore 
proved that the Li-PS cell can avoid the transformation of sulfur to S଼ଶି ions if the 
charge potential is restricted to 2.35 V. Based on the above discussion, it can be 
concluded that the Li-PS system follows reaction mechanism described in equations 
(6.2) and (6.3) whereas Li-S system follows equations (6.1) - (6.3). Therefore, no sulfur 
production is realized with Li-PS system at the end of charge process. In Li-S cells, the 
reaction mechanism of the cycling process can be described as follows:  
S଼(Solid) + 2eି ↔ S଼ଶି  (Liquid)(discharge 2.3 V)                                                  (6.1) 
xS଼ଶି(Liquid) + (16 − 2x)eି ↔ 8S୶ଶି (Liquid)(discharge 2.3 − 2.1 V)               (6.2) 
2S୶ଶି(Liquid) + 2xLiା + (2x − 4)eି ↔ xLiଶSଶ (Liquid) and/or 
S୶ଶି(Liquid) + 2xLiା + (2x − 2)eି ↔ xLiଶS (Solid)(dicharge 2.1 − 1.6 V)       (6.3) 
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Figure 6.2 a) Schematic configuration and mechanism of the Li-PS cell. b) first charge 
and 2nd discharge curves of the 0.5 M Li-PS cells obtained at 0.2C within a cut-off 
125 
 
potential of 1.6-2.35 V and 1.6-2.38 V. c) cyclic voltammograms of the cells (which 
was charged to 2.35 V) collected at the end of 2nd discharge (test is depicted in figure 
6.2b). 
 
The 0.5M Li-PS cells demonstrate an excellent rate performance. With increasing current 
rates and charge cut-off voltages, the reversible capacities of 1302, 1232, 1194, 1089, 1048, 
956, and 763 mA h g-1 were obtained at different current rates of 0.2, 0.5, 1, 3, 5, 10, 
and 20C, respectively (Figure 6.3a). A reversible capacity of 1298 mA h g-1 (~ 99.7% 
retention) was recovered after 48 cycles when current rate was brought back to 0.2C, 
indicating outstanding advantages of the liquid cells. It has been demonstrated that 
different current density leads to different ion transport speed and affects the charge 
voltage [16]. By considering this findings/suggestion, the 0.5M Li-PS cells were 
charged to 2.35 V at 0.2C, 2.38 V at 0.5C, 2.39 V at 1C, and 2.4 V at 3, 5, 10 and 20C 
in this experiment. This experiment suggests to select suitable charging potential 
window of each current rate to ensure the true rate performance of the 0.5M Li-PS cells. 
The corresponding charge-discharge potential profiles of the 0.5 M Li-PS cells 
obtained at different current densities and different charge cut-off voltages are shown 
in Figure 6.3b. The discharge-charge curves achieved from different current densities 
of 0.2C-20C clearly display characteristic slopes and plateaus in the discharge curves, 
as was explained in Figure 6.2b. It is visualized that the slops remain similar in both 
low and high current densities, whereas plateaus become shorter with increasing current 
rates. However, the 0.5M Li-PS cell still exhibits typical long discharge plateau even 
such a high current rate of 20C whereas typical long discharge plateau is abolished 
when Li-S cell is operated at 20C [27-30]. This observation indicates that the 0.5M Li-
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PS cell still can be operated above 20C within a large potential window which can 
ensure ultra-fast charge-discharge process.  
 
Figure 6.3 a) Rate performance of the 0.5M Li-PS cell at different current rates (0.2C-
20C) and different cut-off charge voltages (2.35, 2.38, 2.39, and 2.4 V). b) 
Corresponding charge-discharge curves of the 0.5M Li-PS cell obtained at different 
current rates and different cut-off charge voltages.  
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Figure 6.4 compares cycling performance between 0.5M and 0.05M Li-PS cells at 
different current rates. As shown in Figure 6.4a, both cells exhibit very stable capacity 
at a current rate of 0.2C. In this study, the C rate is calculated based on the mass of S଼ଶି 
ions in the 0.5M and 0.05M Li-PS cells and theoretical specific capacity of sulfur 
(0.2C = 335 mA g-1 or 5.57 mA cm-2 for 0.5M Li-PS cell and 0.557 mA cm-2 for 0.05M 
Li-PS cell). The initial discharge capacity of the 0.5M Li-PS cell is measured to 
be 1302 mA h g-1 and a capacity of 1300 mA h g-1 is retained after 100 cycles, 
approaching nearly 99.9% capacity recovery. In the case of 0.05M Li-PS cell, 
although the measured initial discharge capacity (973 mA h g-1) is quite low 
(compares to 0.5M Li-PS cell), however, capacity recovery is as high as 944 mA h g-1 
(97 % retention) after 100 cycles. The capacity recovery/retention of the Li-PS cells is 
much better than that of the most reported Li-S cells in identical testing 
conditions [25, 26, 31]. The Li-PS cells are capable to prevent activation decay, which 
is a typical nature for most Li-S cells. In addition, the calculated capacity 
utilization rate (87.8%) of the S଼ଶି ion in the 0.5M Li-PS cell is higher than Li-S cells 
(~80%) [28, 32-34].  
Figure 6.4b displays long-term cycling stability at high current rates. High discharge 
capacities of 998 mA h g-1 at 5C and 780 mA h g-1 at 10C after 500 cycles were 
measured for the 0.5 M Li-PS cell. The cell demonstrates an excellent cycling stability 
at 5C with a capacity retention of ~96% (in respect to the initial discharge capacity of 
1041 mA h g-1) after 500 cycles. However, slow capacity decay is realized at 10C with a 
capacity retention of ~80% (in respect to the initial discharge capacity of 978 mA h g-1). 
In contrast, a much better cycling stability is observed in 0.05M Li-PS cell (compare to 
0.5M Li-PS cell) at 10C with a capacity retention of 473 mA h g-1 (~90 % in respect to 
the initial discharge capacity of 526 mA h g-1) after 500 cycles. The capacity decay at a 
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high current rate of 10C is associated with the production of Li2S (insulating solid) at the 
end of discharge. Basically, 0.5M Li-PS cell contains high loading of sulfur (compare to 
0.05M Li-PS cell), leading to the production of large amount of Li2S insulating solid which 
significantly deteriorates total conductivity of the 0.5M Li-PS system [15, 25, 26].   
 
Figure 6.4 a) Cycling stability of the 0.05M and 0.5M Li-PS cells at 0.2C up to 100 
cycles, b) Cycling stability of the 0.05M and 0.5M Li-PS cells at 5C and 10C up to 500 
cycles.   
 
To determine the interfacial behaviors and inner conductivity of the 0.5M and 0.05M 
Li-PS cells, the electrochemical impedance spectroscopy (EIS) was carried out. 
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Figure 6.5a, b compares Nyquist plots between two fresh cells (without cycling) of 
0.5M Li-PS and 0.05M Li-PS. The Nyquist plot for the 0.05M Li-PS cell shows two 
semi-circles in the high to medium frequency region (about 3.03 Ω resistance and 0.308 
ηF cm-1 capacitance for the first semicircle and about 17.54 Ω resistance and 152.95 
mF cm-1 capacitance for the second semicircle after fitting), which can be ascribed to 
the resistance of the aluminum-carbon surface for the first semi-circle and resistance 
between carbon and S଼ଶି ions for the second semi-circle [35-37]. The diameter of the 
first semi-circle exhibits no significant difference between both cells (3.57 Ω resistance 
and 0.84 ηF cm-1 capacitance for the 0.5M Li-PS cell to 3.03 Ω for the 0.05M Li-PS cell 
after fitting). However, the second semi-circle (about 0.30 Ω resistance after fitting if the 
equivalent electrical circuit is the same as the 0.05M Li-PS cell) of the 0.5M Li-PS cell 
may be much smaller which is difficult to be displayed in the Nyquist plot or may be 
no longer exists, suggesting very high PS ion conductivity between solution and carbon 
current collector of the 0.5M Li-PS cell. Therefore, high initial capacity is obtained with 
the 0.5M Li-PS cell due to high initial activation process. 
Figure 6.5c, d compares the conductivity of the 0.5M Li-PS cells between discharge 
and charge state. For this purpose, 0.5M Li-PS cell was first discharged to 1.6 V and 
EIS was performed on this cell. This cell was again charged to 2.8 V and EIS was 
performed on the charge state. It is clearly seen from the first-semi circle that charge 
state cell (about 28.2 Ω resistance and 5.46 mF cm-1 capacitance after fitting) displays 
higher diameter than discharge state cell (about 15.1 Ω resistance and 24.41 mF cm-1 
capacitance after fitting), leading to high resistance of the charge state cell due to the 
production of solid sulfur at 2.8 V. On the other hand, solid Li2S is produced when cell 
is discharged to 1.6 V, implying that the conductivity of Li2S is higher than solid sulfur. 
As a result, the Li-PS cell show better rate performance than traditional Li-S cells [38-40].  
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Figure 6.5 a, b) Nyquist plots of the 0.5M and 0.05M Li-PS cells (fresh cells). c, d) 
Nyquist plots of the 0.5M Li-PS cells charged to 2.8 V and discharged to 1.6 V. 
 
The Li-PS cells offer several advantages over conventional Li-S cells. In the Li-S 
systems [12, 14, 19-24, 41], it is difficult to maintain high content of sulfur-carbon ratio 
in the cathode side, particularly sulfur content higher than 75 wt.%. Higher sulfur 
content increase resistance to the system due to the thick layer of sulfur and detachment 
of large sulfur particles from carbon conductor as well. On the other hand, high 
sulfur content (92 wt.%) can easily be maintained with Li-PS cell and is expected to 
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lead a high energy density to the system. Most importantly, the Li-PS system is capable 
to tolerate a very high current rate. A long discharge flat plateau at 2.0 V is clearly 
observed at 20C, suggesting that the Li-PS system is capable to operate above 20C, 
leading to ultra-fast charge-discharge process. In contrast, the Li-S systems exhibit 
sloppy curve (rather than flat plateau) at 10C, suggesting unable to operate even above 
10C [27, 28]. Furthermore, the Li-PS cell offers high capacity of 780 mA h g-1 at 10C 
whereas most Li-S cells exhibit low capacity even lower than 650 mA h g-1 at 10C 
[29, 30]. The capacity recovery (75%) is also higher with Li-PS cell than that of the 
most reported Li-S cells (< 65%) when current rate is brought back to from 10C to 0.2C 
[28, 32-34]. Such a promising high rate performance of the Li-PS cell is attributed to 
the high loading of sulfur and high conductivity of the system due to the soluble nature of PS 
ions [15-17]. 
Moreover, cycling performance of the Li-PS cells is much better than that of the Li-S 
cells which is related to the inhibition of “shuttle effect” with Li-PS systems [33, 35]. 
Most studies demonstrate that the highest capacity retention of the Li-S cells is about 77% at 
0.2C after 150 cycles and 94% at 1C after 200 cycles, respectively [27-30, 32, 33]. In this 
study, the Li-PS cells achieved a very high capacity retention of 99.9 % at 0.2C after 
100 cycles and 96% at 5C after 500 cycles, respectively. Such a commendable capacity 
retention of the Li-PS cells is attributed to the soluble nature of the PS ions which 
prevent volume expansion effectively during phase transformation between sulfur and 
S଼ଶି as well as sulfur rearrangement during charge process [33, 35].   
Although the 0.5M Li-PS cell shows promising electrochemical performance, however, 
capacity decay with 0.5M Li-PS cell at a high current density is inferior than that of 
some other liquid systems, particularly redox flow batteries (RFBs) [42, 43]. The 
problems with Li-PS system are the production of discharge products of Li2S2 and Li2S. 
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Even though soluble Li2S2 [44] is beneficial for the Li-PS cell, however, insoluble Li2S 
[15-17, 25, 26] leads part of the products to disconnect from the conductive network 
and cannot react back to PS ions at a high current density. In RFBs systems, generally 
final products are soluble ions which can avoid such problems. 
6.4 Conclusions 
Li-PS liquid cells have been successfully fabricated with a high sulfur content 
(~92 wt.%) for the first time. The fabrication of Li-PS cells is a novel approach to 
eliminate the so called “shuttle effect” in traditional Li-S cells. The cells exhibited high 
capacity, outstanding cycling stability, long stable cycle life and high rate capability. 
High capacities of 1300 mA h g-1 at 0.2C (99.9 % retention) after 100 cycles; 998 mA h g-1 at 
5C (96% retention) after 500 cycles; and 780 mA h g-1 at 10C (80% retention) after 
500 cycles were achieved with Li-PS cells which are much better than most reported 
Li-S cells. Moreover, the Li-PS system is capable to operate above 20C rate. Although 
some problems still exist in Li-PS cells, however, this novel attempt opens up new 
possibilities to develop more robust sulfur based system with ultrafast charging-
discharging and high energy density.  
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Chapter 7 Conclusions and future work 
Among various energy storage devices, Li-S batteries are considered the most 
appealing one because of ultrahigh theoretical energy density, low materials cost, and 
relative safety. The practical performance of Li-S batteries, however, far from the 
theoretical prediction as the main sulfur cathode of this device has severe problems 
such as insulating nature of sulfur, shuttling effect due to soluble polysulfides, and 
volume variation due to cathode swelling. During discharge, cathode species are 
diffused/dissolved in electrolyte and migrate through separator to the anode and react 
directly with metal lithium (Li) anode, deteriorate the function of cathode is commonly 
known as shuttle effect, the most serious killer for Li-S batteries. Even though a 
significant number of approaches to trap polysulfides via physical strategies and 
chemical strategies have been proposed, however, the device performance is limited. 
Therefore, an important aspect of the development of Li-S batteries at this stage is to 
find out new approaches that can inhibit shuttling effectively to achieve maximum 
electrochemical performance.   
The research described in this PhD thesis was focused on identification and fabrication 
of cathode interlayers; functionization of boron nitride nanosheets with different 
functional groups and fabrication of separators; and fabrication of lithium-polysulfides 
(Li-PSs) liquid cell and their electrochemical performance evaluation. Basically, three 
novel approaches have been attempted and investigated in this study for the 
development of high performance Li-S batteries.   
An interlayer composed of functionalized (amino) boron nitride nanosheets and 
graphene was successfully fabricated on the surface of sulfur cathode and employed to 
trap polysulfides (PSs). The interlayers suppressed the PSs shuttle effectively and lead 
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to a low capacity degradation rate of 0.0067% and 0.0037% per cycle, measured over 
1000 cycles at current densities of 1 and 3C, respectively. The positive functional 
groups (amino) of functionalized boron nitride nanosheets (FBN) acted as ion-attracting 
sites of negatively charged polysulﬁde products due to the electrostatic interaction. This 
approach is proved to be beneficial as a novel ion select absorption phenomenon for the 
development of Li-S batteries. 
Based on the ion select absorption phenomenon, a functionalized boron nitride 
nanosheets with carbonate groups (FBN (carbonate)) was used to fabricate/modify 
commercial separator to inhibit PSs shuttle. The FBN (carbonate)) separator prevented 
PSs migration through the separator effectively due to strong ion repelling of negatively 
charged PSs by the negatively-charged FBN nanosheets with carbonate groups. The  
Li-S cell with a FBN (carbonate) separator exhibited an excellent long-term cycling 
stability up to 2000 cycles and a high capacity of 585 mA h g-1 at a very high current of 
10C (1.68 A g-1). The new FBN (carbonate) separators inhibited internal redox shuttle 
and increased the diffusion coeﬃcient of lithium ions, contributed an excellent high 
rate capacity and long-term stability of the cells.   
Even though above mentioned both approaches contributed significantly and achieved 
electrochemical performance was higher than most of the current Li-S studies, however, 
a high current rate performance is still difficult in Li-S system due to the insulation 
nature of sulfur and volume variation of sulfur cathode as well. Therefore, a novel 
approach of lithium-polysulfide (Li-PS) liquid system was developed and investigated. 
The Li-PS liquid system exhibited much better cycling stability and high rate capability 
(˃20C) than the most current Li-S cells (capacity decay was less than 0.000099% per 
cycle after 500 cycles at 5C) because liquid PS ions avoided the production of insulating 
sulfur during charging process, no volume expansion occurred, high sulfur loading, and 
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shuttling was inhibited by FBN (carbonate) separator.  
The results demonstrated in this thesis open up new possibilities for the future 
development. An obvious future avenue to pursue is the expansion of the liquid Li-PS 
system. The problems with Li-PS system are the production of discharge products of 
Li2S2 and Li2S. Even though soluble Li2S2 is beneficial for the Li-PS cell, however, 
insoluble Li2S leads part of the products to disconnect from the conductive network and 
cannot react back to PS ions at a high current density. On the other hand, Li-PS liquid 
systems with different electrolyte solvents need to be investigated. Furthermore, full-
liquid system of Li-PS cell composed of both liquid cathode and liquid anode can be 
developed. 
